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THE PHYSIOLOGICAL SIGNIFICANCE OF WEBER’S 
LAW AND COLOUR CONTRAST IN VISION. 

By J. S. HALDANE. 

It was originally shown by Bougner [1760] that over wide limits the 
degree of visibility of a shadow thrown by a local obstruction to a source 
of light depends, not on the intensity of the illumination produced by 
the light, hut on the ratio between the illumination of the surface on 
which the full illumination falls, and the illumination of the shadow. 
The visibility of the shadow thus depends on this '^geometricar’ ratio, 
and is not proportional arithmetically to the difference between the 
illumination of the shadow and that of the surface illuminated by the 
light. He also found that, as has often been confirmed, the smallest 
difference which can be appreciated steadily in this ratio is about 
1*5 p.c. In his recent book on Photometry Walsh [1926] puts this figure 
at 1*6 p.c., as a result of experiments at the National Physical Laboratory 
with the improved form of the Lummer-Brodhun photometer. 

Weber [1846] showed that a similar conclusion applies to other kinds 
of sensory stimuli. It thus came to be known as Weber's Law of 
Sensory Stimuli, and to be regarded as a fundamental law coveriag 
response to differences in sensory stimuli. It was later taken bjFechner 
and other psychologists as a fundamental psychophysical generalization 
covering the supposed relation of body to mind. I propose in this paper 
to discuss, in the light of further experiments, the physiological signifi¬ 
cance of Weber’s Law as applied to visual sensation, including its 
extension to colour sensation. 

It is known that under certain conditions—for instance with extremely 
feeble illuminations—the law ceases to hold; but I wish first to point out 
usual conditions where, even with strong illuminations, it does not hold 
at all, and the visibility of a shadow depends simply on the arithmetical 
diffe^rence between the illumination on a shaded and on an illuminated 
surface. 

The experiments described in this paper have been to a large extent 
carried out with the help of the simple form of Rumf ord or Lambert 
shadow photometer which I recently designed for testing rapidly the 
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candle-powers of miners’ lamps [I 9285 ; 1933]. With, this photo-meter the 
shadow of a standard light is thrown by an upright bar about J in. wide 
on an upright white screen, and a shadow of the lamp to be tested is 
thrown side by side with it on the same screen, the shadovrs being thrown 
at a very acute angle to one another, and being looked at from above and 
directly in front. The lamp is then moved with one hand along an ordinary 
photometer scale (with graduations numbered proportionally to the 
squares of their distances from the shadow) till the shadows are equal in 
depth. If the standard light is the usual one (for miners’ lamps) of one 
candle-power, the reading on the scale, with the standard light in its 
ordinary fixed position, gives directly the candle-power of the lamp, 
and would be TOO on an average if the lamp were exactly of one candle- 
power. We are comparing the illuminations of two white surfaces, each 
of which is illuminated by one of the lamps; and by varying the candle- 
power of the standard, or its distance from the screen, we can easily verify 
the fact that in accordance with Weber’s Law the minimum steadily 
visible difference in illumination is, within wide limits, a fraction of 
about 1*6 p.c. of the illumination given by either lamp, as was originally 
pointed out by Bouguer. 

But now let us throw a very feeble shadow, from a distant or very 
feeble light, across the white surface and top of the strong shadow from 
one near light. It will be seen that this feeble shadow is no more easily 
visible on the strong dark shadow than on the strongly illuminated white 
surface. Thus We ber’s Law does not hold at all in this case. A difference 
which, when measured with the photometer, can be shown to be about 
1*5 p.c., is just visible on the strongly illuminated white surface; but on 
the strong shadow, where the percentage difference in illumination 
caused by the feeble shadow is immensely greater, the feeble shadow is 
not more visible, provided that the strong shadow is not very wide. As 
we widen this shadow, however, the weak shadow becomes relatively 
more and more visible on the strong shadow. 

We can easily show that the diminished visibility of the weak shadow 
on the stronger one is due to the surrounding illumination of the white 
screen by the near lamp. If we cut off this illumination, the feeble 
shadow at once stands out as a very strong one, in accordance with 
Web e r’s Law. In ordinary daylight the general fiield of vision is strongly 
iUuminated, and we can now see that as regards differences of illuminatioji 
within details of this fi.eld, Weber’s Law does not hold at aU. It is easy 
to verify this by experimenting with a feeble shadow, like that on the 
photometer screen. Under ordinary circumstances, therefore, it is not 
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geometrical bat arithmetical differences in illamination that we appre¬ 
ciate. The latter are what we are accnstomed to call the objective^’ 
differences. The conditions under which Weber’s Law can be verified 
are quite special; and when we realize this we can see the need for a 
much wider physiological generalization than is embodied in Weber’s 
Law. 

If we balance the shadows of two lamps on the photometer, we can 
easily, without direct interference of any kind with the shadows, upset 
the balance seriously by placing a piece of black paper on one side of the 
screen. The effect is to make the nearest shadow relatively brighter; and 
a difference of as much as 20 p.c. in the relative brightness of the two 
shadows may be produced, as measured with the photometer, if the 
black surface reaches as far as the shadow nearest to it. This experiment 
shows how necessary it is, in using the photometer, that the two shadows 
should be well in the centre of a uniform field. It has also been familiar 
to me for long that in using a colorimetric method (for instance with a 
Gowers-Haldane haemoglobinometer), the tube on one side commonly 
appears darker than that on the other, owing to differences in illumination 
between the two side backgrounds. Hence it is necessary to transpose 
the tubes at each observation; and colorimeters, however elaborate, 
which do not permit of this may give rise to much error. 

Although Weber’s Law does not hold under ordinary conditions, a 
fact which does hold is that within wide limits of general illumination in 
the physical sense, the visibility of shadows, and consequently of the 
illuminated objects which we see, remains practically the same. When 
the illumination becomes very feeble, this generalization no longer holds. 
If, however, we observe more closely, we find that in darkness so com¬ 
plete that we cannot see any objects at all, the field of vision is never¬ 
theless illuminated by what is known as the “intrinsic” illumination or 
light. This intrinsic illumination can be seen, when the eye has adapted 
itself to the darkness, to consist of minute and evanescent areas of light 
and darkness, producing the general impression of grey, with consider¬ 
able apparent brightness, which, if we judge by the contrast between 
dark and bright within it, seems to be about the same as that of the 
average field of vision in daylight. We can now realize that in very 
feeble illumination external objects disappear because the illumination 
from them has become a physiologically inappreciable fraction of the 
intrinsic illumination, and that in less feeble illu m ination objects are 
indistinct because the intrinsic jllumination has partly covered up the 
differences in their own illumination. 


9—2 
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In reality we are in tlie presence of a very fundamental physiological 
fact with regard to vision. This is that though from a physical standpoint 
the external light acting on the eye varies throughout enormous limitSj 
from zero to that of full daylight; which is about 100,000 times greater 
than the illumination by which on an average an English coal-miner 
works at present, the physiological illumination of the field of vision 
remains, so far as can be judged from the contrast of brightness with 
darkness, about the same. Brightness of bright areas, and darkness of 
dark areas, are relative always to a general field of visual activity which, 
apart from the temporary effects of sudden change in illumination, is 
persistent. What appears as light or dark is thus an expression of con¬ 
trast within this field. When we pass rapidly from w^hat, in the physical 
sense, is bright illumination to dim illumination, physiological after¬ 
effects of the bright illumination remain for some time, adding to the 
intrinsic illumination; also, as is well known, fading in intensity and 
often producing changes in colour. Hence time elapses before vision of 
surrounding objects becomes ''adapted’’ to dim light—in other words 
before such vision becomes possible as the unreinforced intrinsic illumina¬ 
tion permits. 

Before further discussion I shall refer to experiments on colour-vision. 
It is well known that though, from a physical standpoint, the quality 
of daylight, light from incandescent filaments or mantles, and from 
various kinds of flame, varies very considerably, yet what we call a 
white surface seems, or may seem, about equally white in light from any 
of these sources. The phenomena of coloured shadows, the existence of 
which has been known for centuries, appear, however, to reveal in a most 
striking manner the differences between the different qualities of light; 
and in using a photometer, when the relative brightnesses of different kinds 
of hght are being compared, the differences in colour of the shadows are 
very promment. In reality coloured shadows reveal a great deal more 
than colour differences, as will now be shown. 

If we allow a shadow produced by the light of a candle to fall on the 
photometer screen, and beside it a shadow produced from daylight 
coming through a narrow chink left open in a shutter, or from an electric 
lamp with blue glass giving about the same quality of light as daylight 
(a "daylight” lamp), the shadow thrown by the candle will, as is well 
known, appear blue, and that thrown by the daylight orange-yellow, 
while the rest of the screen appears white. One shadow is illuminated 
by the daylight alone, and the other by the candle alone. If the two 
shadows are not equally bright, one has a dark, and the other a light 
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tint; but if we now adjust the two lights (by varying the distance of the 
candle or in some other way) so that the shadows are of about equal 
brightness, the one shadow will have a very surprising deep blue colour, 
and the other a deep orange-yellow colour, though in spite of the 
difference in colour we can, with a little practice, estimate the relative 
brightnesses quite well. The colours are equally evident even if the 
shadows are widely separated from one another, and they are quite 
clearly due to simultaneous contrast. 

We can vary this experiment in various ways. For instance, we can 
substitute for dayhght the light from an electric light with a red glass. 
The shadow illumiaated by the candle alone will appear as a deep green, 
and the other shadow as a deep red. If we use a green electric lamp the 
shadow illuminated by the candle alone will appear as a deep red, and 
the other as a deep green. With an orange electric lamp, the shadow 
illuminated by the candle will be dull blue, and the other shadow yellow- 
brown. With a lemon-yellow electric lamp the shadow illuminated by the 
candle becomes duU violet. For the candle light we can substitute the 
almost pure spectral light from a sodium flame, but the result is much the 
same. We can make the surface illuminated by the candle or sodium 
flame or daylight any tint we please, from red to blue or violet, by var37ing 
the quahty of the other light. To anyone seeing these experiments for 
the first time they are most striking and surprising. With the help of a 
suitable lantern screen the whole of them can be shown to a large 
audience. The earliest, and still in many ways the best, description of 
coloured shadows produced experimentally is that of Rumf ord [1794], 
and he writes with enthusiasm about them. 

It is now evident that the colour of an illuminated object does not 
depend simply on the physical quality of the light reflected from it; 
and indeed every artist paints as if he knew this. Coloured shadows and 
similar contrast effects produce a grossly exaggerated or completely 
distorted impression of the “^'physicar’ differences in different kinds of 
light. Coloured shadows are somewhat of a bugbear in photometry, not 
so much because it requires some practice to distinguish differences in 
intensity of iUummation from differences in colour, as because with 
different colours different intensities are not quite the same for different 
individuals. Very striking quantitative data illustratiog this fact are 
given in a recent paper by Dudding, Winch and Cooper [1931]. 

By covering the screen with non-reflecting black paper, except at 
the place occupied by the shadows, we can cut off any influence of the 
surrounding illuminated and apparently white surface. This does not 
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alter tlie colours seen except that they both appear brighter, and the 
shadows now appear as iUnminated surfaces. The colour efiect, therefore, 
depends in this case on the contrast between the two shadows. If, 
however, we separate the two shadows widely, and then block out one 
of them from the field of vision, the colour of the visible shadow is 
unaltered, so that its colour is due to contrast between the shadow and 
the surface, illuminated by both lights, around it. When the brightness 
of the shadows is balanced the surface has double the illumination of 
either shadow; but one half of this is due to the illumination on the other 
shadow, and to the remaining half must be attributed the fact that the 
contrast effect of the apparently white surface on a shadow is the same 
as that of the other shadow alone. 

If we cut off the light entirely from one of the lamps, the shadow 
which is left appears simply black, while, if the light illuminates a 
sufficiently large white surface, at some distance, this surface may appear 
almost white, though the lamp itself, and any white surface close to it, 
appears strongly coloured. If, now, we make the shadows very broad, 
we can see that the contrast effect is most marked close to the edges of 
each shadow, and diminishes with distance from them. The contrast effect 
is thus a partly localized one. 

We obtain a similar result if, with the help of a black diaphragm, we 
illuminate one haH of a large white screen with ordinary electric light, 
and the other with blue or red electric light. When the intensities of 
illumination are about the same the part illuminated by the ordinary 
electric lamp appears as yellow or green, particularly near where the 
two illuminations meet, and the other half as blue or red; but with much 
stronger illummation by ordinary electric light the corresponding part 
of the screen becomes of a lighter and the other half of a darker tint. 

We can vary the experiments in another manner. We can cut a hole 
in the photometer screen, and then arrange a source of light falling on it 
so that the light passes obliquely through the hole, and does not fall on 
any visible part of a white surface placed behind. This surface is, how- 
ever, so arranged that it is illuminated by a chink of daylight, or a con¬ 
cealed "" daylight lamp, arrangements being also made so that the 
intensity of the latter illumination can be varied by altering its angle of 
incidence on the iUnminated surface or in some other way. By this 
means we can vary tie brightness of the surface seen through the hole 
without altering the brightness of the light falling on the screen. What 
can now be seen is very striking. Let us suppose that the screen itself 
is ilInmBiated by an ordinary electric lamp, and thus appears white. 
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The surface seen tlirougli the hole will now appear blue. But the more 
the illumination of this latter surface is reduced, the deeper does the 
blue become, while the more its illumination is increased, the lighter does 
the blue become. If, now, when the surface seen through the hole in 
the screen appears deep blue, we turn off the electric light iUuminating 
the screen, the surface seen through the hole becomes rapidly pure white. 
The blue is of course the complementary colour to the yellowish electric 
light, but all the time the surface of the screen appears pure white. If 
we throw coloured light on the surface beyond, its colour is twisted 
round towards blue. 

Instead of illuminating the screen with ordinary electric light we can 
use light of any other quality. The screen itself will appear more or less 
white, while the surface seen through the hole will have the comple¬ 
mentary colour to that of the light; and the less brightly the surface 
seen through the hole is illuminated, the deeper is its complementary 
colour. Only when the surface beyond begins to be more brightly 
illuminated than the screen does the complementary colour begin to 
appear round the hole. 

We can also vary the experiments in a negative manner by cutting 
out the influence of the illumination surrounding what we are looking 
at. This can be done by looking with one eye through a narrow tube, 
blackened inside, and at the same time taking care that no light enters 
the eye at the near end of the tube. A tube about a centimetre m internal 
diameter and 30 cm. long is convenient, and can easily be made by 
rolling up a sheet of dull black paper, preferably lined inside with black 
velvet, and gumming it in position. Blackened tubes were first used by 
Eumford [1794] for experiments on coloured shadows. 

If, now, we look through the tube at the orange-red shadow thrown 
by daylight or a daylight lamp on the photometer screen, we see that it 
rapidly fades to a much less intense form of yellow, similar to that given 
with the tube when the candle alone illummates the screen. It is the 
same with all the varied tints of coloured shadows produced when we 
substitute for daylight various coloured lamps. We have eliminated the 
contrast eflect between the tint of the candle illumination and that of 
the screen. We get a similar result with the shadow cast by the candle. 
The heightened colour of this shadow fades into the white or much less 
intense colour seen through the tube when the screen is only illuminated 
by the dayHght or coloured lamp. 

It is also the same when we look at the variegated colours seen 
through the hole in the screen in the experiments described above when 
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tte surface belimd is illuminated by a daylight lamp. They all fade into 
white or something very near it when the hole is looked at through the 
blackened tube, though the colours appear again if the tube is so held 
that part of the screen comes into view. In actual fact, the ^'daylight” 
lamps supplied to me give, in spite of their blue glass, a distinctly blue 
shadow with ordinary daylight; and a white surface illuminated by the 
lamp looks, through the tube, distinctly yellow. 

We can now see a physiological explanation of a phenomenon which 
has always been more or less of a pnzzle—namely the blueness of the 
sky. If we take the blackened tube and look up at a piece of clear blue 
sky, the colour soon fades into pure white, just as in the experiment in 
which the hole in the screen is looked at through the tube. But the blue 
reappears again if we allow a white cloud to come into the field of vision, 
just as when we allow part of the screen to come into the field of vision 
in the experiment with the hole in the screen. The light coming from the 
clear blue sky has much less of the violet end of the spectrum cut off 
than light coming through clouds or obliquely from the sun, since the 
violet end is more readily scattered by particles in the air. Physically 
speaking, therefore, the light coming through clouds, or obliquely from 
the sun, is yellower than that from the clear sky. Even a clear sky looks 
blue, since all surrounding objects illuminated by the sun have their 
colours twisted round, like the colour of the clouds, towards white. 
Through a blackened tube this effect is undone, so that white becomes 
yellow, blue changes towards white, green towards yellow, red towards 
orange, and purple towards red. 

It is well known that when the sun is low, and particularly if it is 
shining through rather misty air, it looks red, and throws a corresponding 
green shadow on a white surface illummated from the sky above. When 
the sun is higher and looks yellow, the shadow is blue or violet; whereas 
with the sun high up the shadow becomes black. There is no difficulty 
in explaining the coloured shadows as simultaneous contrast effects, but 
when we turn to the blue colour of tbe sky it seems at first difficult to 
explain tMs as a contrast effect, since brightly lit clouds look quite white, 
or colourless. When, however, we examine these clouds, or a white 
surface lit by them, on an overcast day, with the blackened tube, we can 
see that they gradually turn yellow, which is not the case with the clear 
overhead sky. 

But if the clouds are "'really"’ yeUow, which they appear to be when 
the disturbing effects of the peripheral field of vision are eliminated in 
the blackened tube experiment, why do they not look yellow? And why, 
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in general, do white surfaces look white when they are iiluiniiiated by 
yellow electric light, or still more yellow candles ? Why, also, do they look 
more or less white when they are even illuminated by red, or green, or 
blue lamps? When any of these surfaces are examined with the blackened 
tube they appear in what might be regarded as their ''reah’ yellow, red, 
green, or blue colours. This very pertinent question will be discussed 
presently. 

A very striking phenomenon, which can often be observed in tropical 
countries with a clear sky as the sun is just disappearing at sunset, or 
appearing at sunrise, is known as the green ray.^’ The hght coming 
directly from the disappearing or appearing upper edge of the sun appears 
for two or three seconds of a brilliant green colour. One of Jules 
Verne’s novels takes its title from this appearance. In a recent paper 
LordRa 5 deigh [1930] pointed out that the light in the violet half of the 
sun’s light must be more refracted by the atmosphere than the light in the 
red half, and hence must be visible longer at sunset, and earlier at 
sunrise. He also devised an experimental arrangement which enabled 
this effect to be studied at leisure. The colour seen was, however, blue, 
not green. It now seems evident, in view of the experiments described 
above, that the cause of the actual sunset or sunrise coloured ray being 
vividly green, is the simultaneous contrast effect due to the light coming 
from round the sun being red. 

When, with the ordinary coloured shadow experiment we keep 
the relative intensities of illumination of the shadows the same, we see 
their tints equally distinctly over a very large variation of illumination, 
and if we make both shadows very faint by removing both sources of 
light to a distance, or in any other way, the difference in colour remains 
still visible so long as the two shadows are separately visible. It is thus 
relative, and not absolute differences in illumination that determine the 
visibility of the colours in the shadows. We can, therefore, to judge from 
this experiment, extend Weber’s Law to colour appreciation when we 
regard each colour and its complementary colour as similar in its physio¬ 
logical behaviour to brightness and darkness. 

On the other hand, this extension of Weber’s Law appears as if it 
were quite unjustifiable when we consider the fact that when colours 
are produced locally by pigments, each colour appears the same regard¬ 
less of what other colour is adjacent to it. We can, for instance, place red 
and yellow patches together without the yellow being turned green, 
whereas in the coloured shadow experiment yellow light becomes green. 

We are at once reminded of the fact, already discussed in connection 
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•witt uncoloured shadows, that although, within wide limits, the visibility 
of a shadow depends, not on the intensity of general illumination, but 
on the contrast between the general illumination of the neighbouring 
surface and that of the shadow, yet when a shadow is produced locally 
without sensible alteration of the general illumination, the visibility of 
this shadow depends directly on the (arithmetical) difference between 
its illumination and that of the neighbouring surface. Similarly a differ¬ 
ence in visible colour produced locally by altering the quality of the light 
illuminating a large surrounding or neighbouring surface depends, not 
on differences which can be arithmetically expressed between the two 
lights, but on the contrast between the colour actually given by one of 
the qualities of light and its complementary colour given by the otlier; 
yet when the visible colour is produced locally without sensible alteration 
of the general illumination, the colour depends directly (arithmetically) 
on the difference in quality between the illumination given by the surface 
and that given by a white surface under the same general illumination, 
or, failing illumination from without, by the intrinsic illumination. It 
appears, therefore, that we must interpret the presence or absence of 
colour contrast in the same way as presence or absence of contrast with, 
bright and dark illumination. 

In accordance with this statement, coloured shadows possess tints 
which are complementary to one another in so far as they are tinted at 
aU. But patches of colours produced by pigments in the same general 
illumination have a tint which is independent of the co-presence of other 
patches of colour. In darkness, moreover, a luminous patch, such as 
that produced by a coloured lamp, has what we are accustomed to call 
its ‘^'naturaF’ colour. 

The physical difference between a coloured surface illuminated by a. 
white light and a white surface illuminated by a coloured light is that 
in the former case that part of the white light which by itself would 
produce a colour complementary to that of the coloured surface is 
largely absorbed, and the rest largely reflected, thus producing the 
colour seen. In the latter case nearly all the coloured light illuminating 
the white surface is reflected; so that the surface illuminated exclusively 
by each coloured light might be expected to appear of the same tint as 
the respective coloured light. In actual fact, however, the . colour of 
neither surface may correspond to the light which is illuminating it, and. 
tiie colours which appear may be complementary to one another. 

The difference as regards presence or absence of contrast effect 
between a coloured surface produced locally by a pigment and one 
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produced by coloured light in a coloured shadow experiment depends on 
the facts already discussed. As is weU known, however, to painters as 
well as physiologists, contrast effects may be visible in shadows thrown 
by ordinary daylight or other light of one quality, next to a coloured 
surface. In this case the contrast effect is not produced by two different 
kinds of light transmitted to neighbouring surfaces, but by the two 
different kinds of light reflected from two neighbouring surfaces. Con¬ 
trast effects of this kind are, however, much less readily produced, and 
less striking than those produced by two different kinds of light trans¬ 
mitted to neighbouring white surfaces. 

By throwing a shadow of suitable depth on a white background by 
the side of a pigmented surface we can obtain a distinct though rather 
feeble contrast effect, the colour of the pigment near the junction being 
deepened, and the complementary colour appearing in the nearest part 
of the shadow. Necessarily, however, the complementary colour appears 
dark as it is in shadow; and the deepening in the colour of the pigment 
is correspondingly slight. It is easy to produce this localized contrast 
effect by putting some tissue paper over a pigmented surface and a 
black surface next to it. A better method, as is well known, is to use a 
rotating disc for producing the darkened surface. In all these experi¬ 
ments it is necessary to distinguish carefully the simultaneous contrast 
which is characteristic of them from the successive contrast which is apt 
to be confused with it. 

The explanation of the localized contrast effect at the edge of a 
shadow which is neither too light nor too deep is that though a local 
pigmented surface has no sensible effect on the general standard of 
colour appreciation in the field of vision, it has a distinct localized effect 
close to the edge of the coloured surface, thus producing a contrast 
effect which is noticeable when the intensities of iliuraination on the two 
contrasted surfaces are about equal, just as the far more prominent 
colour contrast of coloured shadows is most striking under the same 
conditions. 

Without using lights of different colours we can produce the coloured 
shadow effect with a sufficiently large pigmented surface round a white 
surface, if we shut off other surrounding illumination, so that only the 
pigmented surface and sufficient of the white surface are visible. We can 
make the intensities of illumination on the two surfaces equal by inclining 
the white surface, so that it appears darker in accordance with Lamb ert's 
‘^cosine law."’ The contrast effect extends over the whole of the white 
surface, as in a coloured shadow e]q>eriment; but the result is not 
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so striking, since there is, for comparison, no surface wMcli appears 

•white. ■' ’ ^ } 

The reason why the deep colours produced by pigments disappe^y in 
growing darkness before the coloured objects themsel'V'es disappear is 
the fact that the intensity of illumination of the colours in the pigmented 
objects is so much less than in white or light-coloured objects. To'wards 
night all deeply pigmented objects become black. 

Just as we can disturb the balance of depth of illumination on the 
photometer screen by introducing a black surface on one side, so also we 
can disturb balance of tint by introducing a coloured surface on one 
side. Thus if we produce on the photometer screen two shadows of the' 
same tint, we can alter this tint by introducing a coloured surface on one 
side. As I showed many years ago, we can by tintometric titration with 
carmine solution determine with great accuracy the percentage saturation 
of hsemoglobin with carbon monoxide. Examples of this are given in a 
paper by Douglas and inyseK [1912], But in comparing the tints of the 
blood solutions in the two test-tubes, difierences in the colour of the 
background behind the sides of the two test-tubes have so distinct an 
efiect that it is always necessary to transpose the positions of the tubes 
at each observation, just as with an ordinary colorimetric determination. 
A further point which comes out clearly in this method is that with 
different persons the amount of carmine which has to be added to produce 
equality of tint differs quite markedly, though the final result as regards 
percentage saturation is exactly the same. Similarly in photometric 
work, with a difference in colour between the two lights compared, there 
are, as already mentioned, appreciable differences between practised 
observers as regards the candle-power of the lamp. For some persons, 
for instance, intensity of light from a flame lamp as compared with that 
from an electric standard is definitely greater than for others. 

Discussion. 

We can unify or explain the whole of the phenomena relating to 
Weber’s Law in its relation to vision, and to coloured shadows and 
simultaneous contrast generally, if we assume that a normal constancy 
tends to be maintained in the field of visual activity, in such a manner 
that when one part appears brighter or coloured, the rest, and particularly 
what is immediately adjoining, tends to appear darker or of the com¬ 
plementary colour to a corresponding extent. Let us consider in detail 
how this theory covers the facts. 

We may first take the facts which Weber’s Law embodies. The 
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theory at once covers the fact that over an enormous range of general 
illumination in the physical sense the visibility of brightness and dark¬ 
ness remains practically the same, and that over a similar range of general 
illumination the visibility of complementary colour difference remains 
practically the same, although, as Purkinje discovered, the range is 
not quite the same for all colours (unless, as we have seen, they are 
complementary). 

The theory also covers the fact that of whatever quality in a physical 
sense the general illumination may be, unpigmented objects, such as 
white paper, tend to appear as white. Except when we first come into 
it, or look at objects through a blackened tube, we are not even aware 
that ordinary electric light is yellow, and candle or other flame-light 
still yellower, Nor have we ordinarily any suspicion of the yellowness of 
the light on an overcast day. But even when a room is illuminated by a 
deep yellow, red, green, or blue electric lamp, the colour of white paper 
looks nearly white, and its deeply coloured illumination in a physical 
sense is only realized on looking at it through a blackened tube. 

In the next place the theory covers the fact that in the details of 
what is visible as bright or dark in the field of vision, or as coloured, 
Weber’s Law does not hold at all. Both degrees of bright and dark, and 
degrees of colour are seen in accordance with that we are accustomed to 
regard as the physical difference between them, and not as ratios between 
bright and dark, or between colour and complementary colour. This is at 
once intelligible when we consider that any mere local variation in the 
field of vision has, unless it is of great relative magnitude, almost no 
influence in disturbing the general balance of brightness, or colour in 
the visual field. In ordinary daylight it is the overwhelming influence of 
the general illu min ation which standardizes our vision of the details of 
brightness and colour. It is only when the sun’s rays are falling very 
obliquely, and much less intensely, with a clear sky above, that we are 
aware of their yellowness or redness by contrast with the light coming 
down more or less vertically from the sky; but the fact that the clear 
sky, or light reflected from the sea, is blue, reveals the physical character 
of the yellow light from clouds and sun. The light from the blue sky is 
feeble as compared with the yellow light coming directly, but obliquely, 
from the sun, or through the medium of bright clouds. Hence it is the 
sky that looks blue, and not the sunlight or clouds that look yellow, just as 
in the experiment with a hole in the photometer screen. 

With a relatively intense light in one part of the field of vision, the 
rest of the field is of course darkened, and an intense coloured light, if it 
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is localized by some means, turns tbe rest of the field of vision towards 
its complementary colour. This also becomes intelligible on tbe theory. 
The fact, on the other hand, that colour contrast effects due to ordinary 
differences in colour in small parts of what is visible and illuminated 
by the same light are localized at the junctions of the parts, and only 
visible clearly when the brightnesses of the two parts are about equal, is 
equally intelligible. 

Finally, the fact that when we look at things through a sufficiently 
narrow blackened tube we see things in what for physics is their objective 
colour, becomes quite intelligible. White in the physical sense is such a 
mb:ture of light of different wave-lengths as gives the sensation of white. 
Our sensations correspond with those produced by this mixture when we 
practically shut out disturbing contrast effects by admitting to the eye 
only a very small and even part of such light shining from without in the 
ordinary field of vision. We get this sensation when we apply the tube 
to the pure ^'blue sky’’, or to a white surface illuminated exclusively by 
it, but by no means by looking through the tube at anything which may 
appear to us white without use of the tube. 

In surrounding darkness we obtain a similar objective” perception 
of the colours of small parts of the field of vision. We notice at once, for 
instance, that electric light is yellow, and we see coloured lamps in their 
“objective” colours, though we can easily change these colours into 
quite different ones by altering the surrounding illumination. If, for 
instance, we paste a piece of translucent paper over a hole in the photo¬ 
meter screen, and illuminate this paper by coloured light from behind 
the screen, we at once change the colour of the paper to white or to 
various other colours than that of the lamp behind, by changing the 
colour of a lamp illuminating the front of the screen. 

When there is no light falling on the eyes, and any after-effects of 
previous illumination have ceased, intrinsic illumination remains, in 
accordance with the theory, and is simply a colourless grey, which in 
no way affects the colour of any localized illumination from outside. 
Hence by using a sufficiently narrow blackened tube, we can see what can 
be regarded as the “objective” colours of what we see, though these 
“objective” colours are simply the colours seen under certain physio¬ 
logical conditions, so that we have made no real separation between 
objective and subjective. If the tube is insufficiently narrow, this method 
of course defeats its own object, since a large illuminated surface will 
tend to appear white, whatever its “ objective ” colour may be. In using 
the blackened tube we must also be careful to avoid the influence of 
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successive contrast on the intrinsic illumination. If, for instance, after 
looking in the ordinary way at a coloured shadow, or at blue sky, we use 
a blackened tube in looking at it, we at first see the same colour, and a 
little time elapses before this colour changes into the '^objectivecolour. 
It is the same if we look at an apparently white surface which is illuminated 
by coloured artificial light or dayhght from an overcast sky, or at a 
pigmented object illuminated in the same manner. Through the blackened 
tube they all take on only gradually the '"objective’’ colour, the reason 
being that the after-efiect on the intrinsic iUnmination takes some time 
to disappear, with the result that the colour, as well as the brightness, 
of what is seen through the tube is at first greatly affected by simul¬ 
taneous contrast. In his discussion of coloured shadows Helmholtz 
[1867] was entirely deceived by this fact, which led him to interpret the 
blue colour of a candle shadow in presence of dayhght as a psychological 
effect. This had the unfortunate effect of leading physiologists to neglect 
the very striking phenomena of coloured shadows, although Bering 
[1887] pointed out later that the blue colour seen through a blackened 
tube disappears rapidly. He attributed it, though not in a quite correct 
manner, io successive contrast. 

This leads me to a discussion of successive contrast, which has 
hitherto been only incidentally referred to. On the theory which has 
been developed above, simultaneous contrast is an expression of the 
fundamental tendency in visual activity to maintenance of a normal 
general balance. Thus the physiological phenomena of brightness and 
darkness, and of colour and complementary colour, are part of the 
adaptation which is occurring everywhere in visual phenomena. But 
adaptation in any direction, once established, has a tendency to persist. 
Hence the intrinsic iEumination, on looking through a blackened tube, 
is at first markedly affected by the previous illumination, with the result 
that the simultaneous contrast effect previously present remains for a 
short time. In darkness the after-images of previous visual excitations are 
positive, in accordance with this interpretation, although they may 
afterwards become negative, as instanced in the strildiig experiments 
described by Creed [1931]. 

We can now regard, not only the phenomena of simultaneous coH' 
trast, as embodied in Weber’s Law applied to the visual phenomena of 
both brightness and colour, but also the phenomena of absent simul¬ 
taneous contrast effects in ordinary perceptions of brightness and colour, 
as manifestations of the maintenance of constancy in activity within the 
visual spatial field. Successive contrast, on the other hand, can be 
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regarded as an indication of tbe tendency to constancy in tlie temporal 
field of visual activity. Tlie word ''contrast” is thus only a convenient 
expression without fundamental significance, and Weber’s Law is only 
a partial representation of physiological facts, not valid at all under 
quite ordinary conditions. 

It is evident that the theory now adopted is inconsistent with 
Young’s three-colour theory of vision, as also adopted by Helmholtz 
and Maxwell. The phenomena of colour contrast, as observed in 
connection wdth coloured shadows and similar efiects of both simultaneous 
and successive contrast, are left unexplained by this theory. We are 
thus driven towards He ring’s conception of two pairs of primary 
colour sensations, besides a pair of sensations representing brightness 
and darkness, and alwa 3 ^s present in conjunction with colour sensation. 
What is simply white and black represents a balanced combination of the 
two primary pairs of colour sensations. 

The theory stated above makes it possible to relate the maintenance 
of constancy in visual activity to various other respects in which an 
organism maintains constancy in its active relations with phVfdological 
environment—for instance the fundamental fact that throughout all the 
variations in intake and output of material and energy what is charac¬ 
teristic in structure and activities tends to be maintained in an adult 
organism. The manner in which, as^Claude Bernard first pointed out, 
the composition and other conditions of the blood are kept constant, 
constitutes a special instance of this. A fm’ther instance, exemplified in 
much of my own work in physiology, is the manner in which the pressure 
of CO 2 in the body, together with its hydrogen-ion pressure and oxygen 
pressure, tend to remaia steady. In other words, the actual relations of 
environment to a normal living organism are such that what is charac¬ 
teristic of its life is maintained, though from the standpoint of mere 
physical science this cannot be expressed, since physical science is an 
abstract branch of knowdedge which takes no account of what is funda¬ 
mental in the phenomena of life, and thus, since we are living organ¬ 
isms, enters into all our perceived experience. 

To realize the fundamental features in the physiology of vision, 
including colour vision, we must approach the subject as physiologists, 
and not merely as physicists or chemists, just as in the case of other 
physiological activities; and as I have tried to point out in more than 
one recent boob, we get no’where except into what seem to me the fogs 
of either vitalism or attempted mechanistic biology, if we treat an 
organism and its environment as separately existing things. What appears 
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light or darkj red or green, bine or yellow, depends, not on conditions 
wMcb we can separately specify in either the environment or organism, 
but on relations throughout which we can trace the active maintenance 
of what is constant in visual activity. The field of vision is a field of 
co-ordinated activity, and not of mere receptivity. 

It is evident that in the conclusions reached in the present paper, 
use has been made of biological, and not mere physical or chemical 
conceptions. The fact that in the sensory relations between organism and 
emdronment we can, as physiologists, discern one aspect of the main¬ 
tenance of life as such, is part of biology, and not of abstract ph 3 ^sical 
science. 

It is well known that Goethe [1808] attacked ineffectively the teaching 
of Newton with regard to colour, and particularly the first proposition 
in Newton’s OpticJcs, according to which ''lights which differ in colour 
differ also in degrees of refrangibility.” In the course of his voluminous 
writings on Colour, Goethe drew attention to the already weU-known 
phenomena of coloured shadows, but unfortunately did not study them 
thoroughly enough. We can see from the present paper that criticism 
of Newton’s statement is unanswerable. His statement is only true 
under definite physiological conditions, and lights of precisely the same 
refrangibility may have very different colours. But similar criticism can 
be directed generally against abstract physical reasoning which, following 
on the lines laid down by Galilei, disregards not only what is charac¬ 
teristic of biological experience, but also the fact that all -elements in 
our experience have a definitely biological or psychological basis. The 
practical utility, for certain limited purposes, of making this abstraction 
is indubitable; but in biology we are, whether we are clearly aware of it 
or not, employing conceptions which can penetrate much more deeply. 

SUMMABY, 

1. Weber’s Law, as applied to vision, only holds under exceptional 
conditions: we are ordinarily aware of arithmetical, and not geometrical, 
differences in either intensity or tint of illumination. 

2. Coloured shadows and similar contrast phenomena do not repre¬ 
sent what we are accustomed to call the natural tints of either of the two 
surfaces concerned, but exaggerated or distorted differences in these 
tints. 

3. Th^ phenomena represented in Weber’s Law, in ordinary vision 
of differences in illumination and tint, and in colour contrast, are summed 

rn, Lxxix. 10 



138 


J. S, HALDANE, 


up in the physiological conclusiou that the field of visual activity, 
regarded as a whole, tends to exhibit constancy with respect to the 
prevalence within it of brightness and darkness, and of pairs of comple¬ 
mentary colours, the latter being regarded as together equivalent to a 
degree of whiteness. 

4, Young’s three-colour theory of colour vision does not cover the 
phenomena of colour contrast. 

For help in the experiments described in this paper I am greatly 
indebted to Dr E. H. Makgill. 
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THE EFFECT OF CESTRIN ON THE REACTIVITY 
AND SPONTANEOUS ACTIVITY OF 
THE RABBIT’S UTERUS. 

By J. M. bobs on {Beit Memorial Research Felloiv), 

{From the Institute of Animal Genetics, University of Edinburgh.) 

During pregnaacy the uterus of the rabbit aud of the human subject 
undergo specific variations in reactivity to certain substances and 
especially to the oxytocic factor of the posterior pituitary lobe [Robson, 
1933 a, 6]. These variations are, to some extent, dependent on the activity 
of the corpus luteum acting probably through a definite hormone 
[Robson and Illingworth, 1931; Robson, 1932 a; de Fremery, 
Luchs and Tausk, 1932]. It appears likely, however, that the changes 
which occur after the earliest stages of gestation are independent of the 
luteal activity, and the present investigation was performed to determine 
the efiect of the ovarian hormone, oestrin, on the reactivity and activity of 
the uterine muscle. 

Methods. 

The experiments were performed on mature female rabbits weighing 
about 2 kg. With three exceptions the animals were ovariectomized on 
the day previous to the beginning of oestrin injections. In a number of 
cases a horn of the uterus was removed at the time of ovariectomy; part 
of it was examined histologically and the remainder used to determine 
the reactivity and activity of the muscle. The animals were again operated 
on after various periods of oestrin injections and the existing state of the 
uterus determined. Some of these animals were kept under observation 
for a further period and the condition of the uterus following cessation of 
oestrin administration determined. 

In other cases no uterine tissue was removed at ovariectomy and the 
state of the uterus was determined only after oestrin injections and at 
subsequent periods. 

In three further cases (Ra 351, 353, 357) the animals were operated on 
in the usual way and the condition of the uterus and ovaries noted, but 

10—2 
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no tissue was removed. CEstrin injections were started as before, on the 
day following the operation, and the remainder of the experiment was 
performed as in the ovariectomized animals. 

The uterine strips were suspended in oxygenated Ringer-Locke 
solution in 100 c.c. containers; the temperature (37'^ C.) and the oxygen 
supply were maintained constant. Records were taken on smoked drums. 
The degree of spontaneous rhythmic activity exhibited in vitro was 
determined in all cases, the strips of muscle being of similar length to 
that used in previous investigations. In the description the minus sign is 
used to represent slight or no spontaneous activity, while an increasing 
number of plus signs are used to denote various degrees of rhythmic 
contractions. The data are strictly comparable with those described for 
the pregnant animal [Robson, 1933 a]. 

The following preparations of oestrin were used in the experiments: 

( 1 ) An extract from pregnancy urine prepared as follows. Concen¬ 
trated pregnancy urine was acidified with 10 p.c. H 2 SO 4 and extracted 
with ether continuously for 12 hours. The ether extract was extracted 
with sodium carbonate solution (which was discarded) and then with 
NaOH. The latter solution was acidified and extracted with ether; the 
substance left on evaporating the ether was dissolved in maize oil 
(— a 4 and a 5. I am indebted to Mr R. E. Illingworth for the supply 
of these preparations). Assay was by four injections spread over 36 hours. 

( 2 ) Progynon kindly supplied by Messrs Schering-Kahlbaum. 

(3) A crystalline preparation of oestrin supplied by the British Drug 
Houses. This was prepared according to the method of Marrian and 
Hazelwood [1932]. The crystalline substance was dissolved in olive oil 
and assayed by four injections spread over 36 hours; a potency of 1000- 
2000 M.u./mg. was obtained, but the former figure has been used in the 
data given in this paper. 

The preparation of the posterior pituitary lobe “pitocin/^ kindly 
supplied by Parke, Davis and Co., was used in this investigation. 


Results. 

In estimating the reactivity of the uterine muscle to certain drugs 
an attempt was made in all cases to determine the minimal amount 
necessary to cause a motor effect. In the majority of cases this included 
a rise in the base line, but in some experiments small doses chiefly caused 
an increase in the height of the rhji^hnoic contractions, and occasionally an 
increase in the rate of rhythmic contractions was the main effect. The 



Table I. To show the effect of o^slrin injections on the reactivity to oxytocin and sj)ontaneous activity of the isolated uterus. Animals were 
ovarieetomized except Ka 351, 353, and 367. Animal Ka 380 received progynon up to the 7th day and a 5 subsequently. 
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c 

Kg. L To iiiBstrate tlie progressive effect of oestrin injections on the ntenis (Ra 384). 

A. Section of nterns before cBstim administration. Area=468. Reactivity > 1-0 unit, x 15. 

B. Section of ntems after 10 days of cestrin administration. Area = 1296, Reactivity 
0-02 nnit. x 15. 

C. Section of nteras after 14 days of oestrin administration. Area=1800, Reactivity 
0*005 nnit. x 15. 



(USTRIN AND UTERINE MUSCLE. 


143 


reactivity to oxytocin of tKe uterus before ovariectomy was^, six out of 
seven animals investigated, low (see Table I) or very low; in one case 
(Ea 386) it was quite marked, 0*02 unit of pitocin (to 100 c.c. of solution) 
being sufficient to bring about a motor effect. After injection periods 
varying from 6 to 12 days during whicb doses ranging from 60 to 3200 m.u. 
of cestrin (in various forms) were administered, tbe reactivity to oxytocin 
was increased in every case but one (Ea 351). This animal received the 
smallest amount, namely 10 m.u. daily for 6 days. The increase in re¬ 
activity showed marked variations in the different animals and the degree 
of decrease in the minimal effective dose ranged from zero (Ea 351) to 
more than 200 times (Ea 384), and was quite marked in the majority of 
experiments. In one case (Ea 386) in which the initial reactmty was 
comparatively high, the cestrin injections did not greatly increase the 
reactivity to oxytocin. That the increase in reactmty can also be ob¬ 
tained in the presence of the ovaries is definitely shown by animal Ea 357 
in which the injection of oestrin decreased the minimal effective dose of 
oxytocin from 0*1 to 0-004 unit. 

In those experiments in which uterine tissue was not removed at the 
first operation the results subsequently obtained confirm the findings of 
the first series of experiments. For the average reactivity after oestrin 
injection was much higher than that shown by the first series of animals 
before any oestrin injections (Table I) and the minimal effective dose of 
oxytocin varied from 0-002 to 0-05 unit. 

The data also definitely show that both time and dosage play an 
important part in the development of the reactivity to oxytocin, though 
marked individual variations among the animals were observed. 

Dosage. 

It appears likely that a certain minimal dosage of cestrin is necessary 
to obtain an effect on the uterine reactivity. Thus in Ra 351 six daily 
doses of 10 M.u. had no appreciable influence on the reactivity to oxy¬ 
tocin; that this may be an ineffective dose is also shown by animal Ra 353 
in which the reactivity of the uterus actually decreased during a period 
when 10 m.u. of oestrin were being injected daily (10th to 14th days of the 
experiment). That this same dose may, on the other hand, be effective is 
shown by the results obtained in animal Ra 357 in which the reactivity 
increased by 25 times within 8 days. The relation of dosage to action on 
the uterine muscle is presented in Table II. When the reactivity previous 
to the injections is comparatively high even large doses of oestrin wiU not 
markedly decrease the minimal effective dose of oxytocin; thus the 
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reactivity in animal Ra 386 was only doubled as tbe result of tlie injection 
of 2700 M.u. of (Bstrin, the initial minimal dose of oxytocin being 0*02 unit. 


Table II. Showiag tlie relation between the period orer wliicli oi'strin is injected, 
tlie dosage used and the increase in the uterine reactivity to oxytocin. 





Reactivity 

Reactivity 

Increase in 

Animal 

Dose 

Duration 

before 

after 

reactivity 

Ra 

M.ir. 

days 

unit 

unit 

times 

351 

60 

6 

01 

0*1 

1 

380 

420 

6 

>0'6 

0-1 

> 6 

357 

70 

7 

0-1 

0-004 

25 

384 

450 

10 

>1-0 

0-02 

> 50 

385 

1900 

10 

0-6 

0-006 

100 

3S6 

2700 

12 

002 

0-01 

2 

387 

3200 

12 

>0-3 

0-005 

> 60 

357 

420 

13 

0-1 

0-004 

25 

380 

770 

13 

>0*6 

0-01 

> 60 

384 

800 

14 

>1-0 

0-005 

>200 


Time. 

Even with comparatively large doses of cBstrin, however, the injec¬ 
tions may have to be distributed over a fairly long period in order to 
obtain a high reactivity to oxytocin in the uterine muscle. Thus in animal 
Ra 380 the minimal effective dose of oxytocin after the injection of 
420 M.u. of oestrin during 6 days was fairly high (0* 1 unit), but an additional 
period of 7 days (during which 350 m.u. of the hormone were injected) 
further reduced the minimal effective dose by 10 times. In another 
experiment (Ra 382) 0*3 unit of oxytocin was necessary to cause contrac¬ 
tion of the uterus after the injection of 390 m.u. of cBstrin during 8 days, 
but the reactivity was decreased by 60 times after a further period of 7 days 
during which 310 m.u. of oestrin were injected. 

After the cessation of oestrin injections the reactivity of the uterine 
muscle decreases, though the rate and extent of the decrease show marked 
variations in the different animals. The relation between time and de¬ 
crease in reactivity are represented in Table III. It will be seen that in 
10 cases out of 11 an increase in the minimal effective close of oxytocin was 
noted. The exception is provided by animal Ra 357 in which, 7 days after 
cessation of oestrin injections, the reactivity to oxytocin was unchanged 
(0*02 unit). Animal Ra 376 shows a somewhat temporary exception 
though it received 50 m.u. of oestrin on the day after the first removal of 
uterine tissue; 9 days later the reactivity to oxytocin had actually in¬ 
creased by 4 times, but 25 days after the first uterine strip had been 
excised the minimal effective dose of oxjdiocin had actually increased by 
15 times. The results do not suggest that there is a direct temporal 
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Table III. To show the fail in the uterine reactivity to oxytocin at various periods after 
cessation of cestrin injections. The value in column 4 is obtained by dividing column 3 
by column 2. 

Interval after 


Animal 

Reactivity 

Reactivity 

Decrease in 

cessation of 

before 

after 

reactivity 

injections 

Ra 

unit 

unit 

times 

days 

387 

0*005 

0*01 

2 

5 

379 

0*02 

0*02 

1 

7 

374 

0*02 

0*08 

4 

7 

386 

0*01 

0*03 

3 

8 

378 

0-05 

>0*3 

> 6 

8 

377 

0*01 

0*1 

10 

10 

385 

0*006 

0*3 

50 

13 

383 

0*01 

0*1 

10 

13 

381 

0*02 

0*1 

5 

16 

380 

0*01 

0*02 

2 

17 

376 

0*02 

0*3 

15 

25 


relation between the time after cessation of oestrin injections and the fall 
in the reactivity to ox 3 d:ocm, as comparatively small decreases were 
observed both at the earlier {e.g. Ra 387, 379, 376, 386) and later periods 
{e.g. Ra 380, 381). It must also be emphasized that even after a fairly 
long time had elapsed after the cessation of injections a comparatively 
high reactivity may be observed {e.g, Ra 330 in which, 17 days after the 
last cestrin injection, the minimal effective dose of oxytocin was still 
0-02 unit). 

Spontaneous activity. 

The results obtained in those animals m which uterine strips were 
removed at the beginning of the experiments definitely show that in¬ 
jections of oestrin can increase the in vitro spontaneous rhythmic activity 
of the uterine muscle; this increase was observed in aU. animals investi¬ 
gated (Table I—Ra 351, 357, 380, 384, 385, 386, 387). Moreover, the 
increase in spontaneous activity becomes, as a rule, more marked as the 
period of injection is prolonged. At the same time, when the relation 
between spontaneous activity and reactivity is examined in those animals 
injected with oestrin (Table IV), there appears to he no connection between 
these values. It would thus seem that, although oestrin increases both 
the spontaneous rhythmic activity and the reactivity to oxytocin, the 
magnitudes of the increases in these values vary independently of one 
another. 

After cessation of oestrin injections the spontaneous activity decreased 
in a majority of animals observed. Witbin the time limits investigated the 
fall in the rhythmic activity seems to be a slower process than the fall in 
reactivity to oxytocin; moreover, there appears to be little relation be¬ 
tween the rate of decrease of these two values. 
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Table IV. To show the relation between the reactivity to oxytocin and the 
spontaneous activity in the uterus of animals injected with oestrin. 


Animal 

Reactivity 

Spontaneous 

Ra 

unit 

activity 

382 

0-3 

+ + 

351 

0-1 

4- + -f. + 

380 

0-1 


377 

0-05 

+ + + 

353 

0*05 

-}- + -f 

378 

0*05 

- + 

381 

0-05 

4-1-4- 

353 

0*03 

4- 4 

376 

0*02 

4- — 4- + 

374 

0-02 

- 4 

384 

0-02 

4 4 

379 

0-02 

4 4 4 4 

381 

0-02 

4 

383 

0-02 

4 4 

365 

0*01 

4 

353 

0-01 

4 “ 4 4 

386 

0-01 

4 4 

380 

001 

4 4 

377 

0-01 

4 4 4 4 

383 

0-01 

4 

385 

0-006 

4 4 

384 

0-005 

4 4 

382 

0-005 

4 4 4 

387 

0-005 

4 4 

357 

0-004 

- 4 4 4 

357 

0-004 

^-1- 4- + 

365 

0-002 

4 4 


Alterations in size. 

As is well known, oestrin produces a marked increase in the length and 
diameter of the uterus in addition to its actions on the reactivity and 
spontaneous activity of the uterine muscle; there also occurs proliferation 
of the endometrial glands which, however, remain straight and do not 
assume the appearance characteristic of the period of activity of the 
corpus luteum. An attempt was made to obtain a rough quantitative 
estimate of the effect of oestrin on the growth of the uterus by measuring 
the diameters of sections of pieces removed at various periods; in all cases 
diameters at right angles to one another were measured and multiplied by 
one another, the number obtained giving an index of the si^ie of the 
uterus. It is fully realized that the results so obtained depend, to some 
extent, on the part of the organ from which the piece has been removed,, 
on the state of contraction of the uterus at the time of removal, etc. At 
the same time the data are nevertheless significant in so far as large 
differences are concerned. They show that oestrin injections increase the. 
size of the uterus and that the extent of this increase becomes more 
marked as the period of injections is lengthened (Table V), these efiecta 
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Table V. To sliow the relation of size of uterus to reactivity to oxytocin in animals before 
and after injection of oestrin and after cessation of hormone administration. (For details 
of injections see Table I.) 

Time 
after 

Re- ovari- Re¬ 
activity eotomy Area of activity 

unit days uterus unit 

>1-0 0 


Animal Area of 
Ra uterus 

384 466 

385 670 

386 784 

387 999 

379 3300 

380 2597 

381 2548 

382 1440 

383 1400 


0-6 0 

0*02 0 

>0*3 0 

0*02 7 

0*1 7 

0*05 8 

0-3 9 

0-02 7 


1296 

0-02 

>2400 

0*006 

1600 

0*01 

2912 

0*005 

2500 

0*02 

2308 

0*01 

2400 

0*02 

2544 

0-005 

>2230 

0*01 


Time 


after 


ovari¬ 


ectomy 

Area of 

days 

uterus 

a 

1800 

a 

— 

13 

— 

7 

— 

14 

— 

14 

— 

16 

— 

16 

— 

14 

1560 


Time 

after 

ovari- 

Reactivity ectomy 
unit days 

0*005 15 


being therefore similar to those obtained for the reactivity and sponta- 


neons activity under similar conditions. In the injected animals^ how¬ 
ever, there appears to be no direct relation between the size of the uterus, 
its reactivity to oxytocin and the spontaneous activity exhibited by the 
isolated strips; and these results suggest that the extent of these increases 
in different animals varies widely and independently. After cessation of 
the injections the size of the uterus, like the reactivity and spontaneous 
activity, decreases. 


Discussion. 


It has been shown that oestrin exerts three well-marked and concurrent 
actions on the uterus, namely (1) growth which involves both the en¬ 
dometrium and the muscle, (2) increase in the reactivity of the muscle 
to oxytocin in mtro, and (3) increase in the spontaneous rhythmic activity 
exhibited by the muscle in vitro. AU these effects can be observed in the 
uterus of one and the same animal and are, moreover, progressive in 
character in so far as they become more pronounced as the period of 
treatment with oestrin is prolonged. It must be emphasized that these 
effects were obtained with various preparations of the hormone (including 
crystalline samples), though there are no data as to the relative activities 
of the various forms of oestrin. 

The absence of any apparent relation in the injected animals between 
the reactivity to oxytocin, spontaneous rhythmic activity and size of the 
organ appears at first sight rather puzzling, in view of the fact that these 
three values are determined by the action of the same hormone. The same 
absence of any direct relation between the reactivity to oxjtocin and the 
spontaneous activity was observed in the uterus of the rabbit and the 
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Imman subject during pregnancy [Robson, 1933 a, b]; here again tbe 
data showed that these values apparently varied independently. If all 
these effects are actually due to the direct action of the hormone on the 
uterus, then the reactivity of the organ for these various actions must be 
subject to wide variations. It would also seem to follow that the reactive 
systems affected by oestrin and responsible for reactivity to oxytocin, 
spontaneous activity and growth respectively cannot be identical. 

With regard to the action of oestrin on the reactivity to oxytocin two 
factors appear to be of importance. In the first place a certain minimal 
dose of the hormone is necessary for the production of an increase in the 
reactivity; and secondly the action of the hormone must be distributed 
over a certain period and the reactivity may only increase gradually. This 
is the case even with fairly large doses as, for example, in Ra 382, where, 
after the injection of 390 m.u. over 8 days, the uterus only reacted to 
0-3 unit of oxytocin while the additional injection of 310 m.u. over 7 days 
decreased the minimal effective dose of oxytocin to 0*005 unit. These 
results would suggest that the addition of oestrin in vitro cannot cause an 
increase in the reactivity to oxytocin (if it is assumed that the increases 
above described are actually due to direct action of the hormone on the 
uterus) owing to the necessarily limited period of action, and the recent 
results of Marrian and Newton [1932] show that such indeed is the 
case and that in very large doses oestrin in vitro actually decreases the 
reactivity of the uterine muscle to oxyijocin. 

The actual reactivity to oxytocin exhibited after the injection of 
oestrin is significant: in 12 out of 17 animals investigated the ultimate 
minimal effective dose of the posterior lobe hormone varied from 0*002 
to 0*01 unit, while in four of the remaining five animals in which the 
reactivity was less marked the oestrin injections had been spread over a 
short period of 6 days, and it appears quite likely that the reactivity in 
these animals would have been increased if the injections had been 
continued for a longer period. Now the reactivity of the rabbit’s uterus 
at or shortly after parturition varies from 0*01 to 0*0001 unit of oxydocin 
[Robson, 1933 a], figures which are very similar to those obtained after 
the injection of oestrin and which are higher than those observed under 
any other conditions. The similarity between these findings suggests that 
the CBstrous hormone may be an important factor in the development of 
the uterine reactivity during the later stages of pregnancy and in the 
production of the high reactivity to oxytocin which characterizes parturi¬ 
tion. Such a supposition is supported by the observation of Phillip 
[1929] that oestrin can be demonstrated in the blood of the rabbit during 
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the later stages of gestation. Also it is known that the action of oestrin in 
increasing the uterine reactivity cannot occur as long as the inhibitory 
hormone of the corpus luteum is being produced in any appreciable 
quantity, for oestrin cannot overcome the inhibitory effect of the luteal 
hormone [Robson and Illingworth, 1931; Illingworth and Robson, 
1932], and furthermore the presence of oestrin is actually essential for the 
effect of the inhibitory luteal hormone itself upon the uterine muscle 
[Robson, 1932 b]. As the rabbit’s uterus does not contract up to the 
20 th day of gestation with large doses of oxytocin (the exact time varies 
in different animals [Robson, 1933 a]), while vasopressin affects the 
muscle after the 16th day of gestation, it appears likely that the action of 
the inhibitory hormone ceases sometime between these two dates {i.e. 
between the 16th and 20th days), that the subsequent increase in the 
uterine reactivity to oxytocin is brought about by oestrin and that no 
appreciable quantities of inhibitory luteal hormone are then being 
produced. 

In the human uterus the sequence of events appears to be similar. It 
is definitely established that the corpus luteum is not essential for the 
maintenance of gestation after the earliest stages [Ask-Upmark, 1926]. 
Moreover, the reactivity of the uterine muscle to vasopressin is already 
present at the 8th week of gestation although oxytocin does not, at that 
stage, exert any effect on the -muscle [Robson, 1933 6]. These findings 
suggest that the action of the inhibitory luteal hormone ceases very early 
in pregnancy and that, as in the rabbit, the duration of its action may not 
be much longer than that of pseudo-pregnancy (if pseudo-pregnancy in 
the human subject be regarded as corresponding in length to the active 
period of the corpus luteum of menstruation). Subsequently the reactivity 
of the human uterus to oxytocin returns and gradually increases, reaching 
a maximum at parturition, and it seems quite possible that oestrin may 
play an important part in determining this series of events. It has indeed 
been established that the concentration of the hormone in the blood and 
its excretion in the urine gradually increases during pregnancy, reaching a 
maximum at parturition [Siebke, 1929; Zondek, 1930]. Moreover, the 
output of oestrin in the pregnant human subject is not interrupted by the 
removal of both ovaries at a very early stage of gestation [Waldstein, 
1929]. These facts support the view that the reactivity changes m the 
human uterus during pregnancy are dependent on the action of oestrin. 
There are no data for the time relations of the action of oestrin upon the 
reactivity in the human subject, nor for the doses necessary for this 
action, hut it appears at least possible (in view of the results obtained in 
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the rabbit) that the gradually increasing reactivity to oxytocin character¬ 
istic of pregnancy is, to some extent, dependent upon the continued 
action of the gradually increasing concentrations of oestrin present in the 
blood. The results also suggest that in the clinical use of oestrin, not only 
should large doses of the hormone be used, but the treatment should be 
continued over a fairly^ long period if an action on the uterine muscle is 
the aim in view. 

The fall in the reactivity to oxytocin found in these experiments after 
the cessation of oestrin injections is interesting, as a similar phenomenon 
is observed in the uterus of the rabbit after parturition. In the latter 
case, indeed, the decline is very rapid and the minimal efiective dose of 
ox}d]ocin is always very greatly increased within 5 days of parturition, 
while after cessation of oestrin injections the reactivity to oxytocin 
decreases much more slowly. It seems possible that this difference may 
be due to the fact that in the injected animals the oestrin is not immediately 
excreted and that indeed some considerable time may elapse before the 
hormone is completely eliminated and its action on the uterus ceases. The 
fact that in one case (Ea 376) in which 50 m.u. of oestrin were injected on 
the day after the first operation which followed a 7-day period of hormone 
treatment, the reactivity actually increased after the cessation of oestrin 
injection and only decreased at a still later stage, supports the view that 
the action of oestrin on the uterus is continued for some time after the 
administration of the hormone has ceased. Even after cessation of hor- 
monic action, however, the reactivity to oxytocin probably decreases 
slowly, and in the case above described (Ra 376) the uterus still contracted 
with 0*3 unit of oxytocin 24 days after the last injection of oestrin, A 
response to 1 unit of pituitrin has similarly been observed previously in 
an untreated animal 22 days after bilateral ovariectomy. 

SUMMAEY. 

The injection of oestrin into ovariectomized and non-ovariectomized 
mature female rabbits causes (!) an increase in the reactivity of the uterus 
to oxytocin in vitro, (2) an increase in the spontaneous rhythmic activity 
exhibited in vitro, and (3) an increase in the size of the organ. There 
appears to be no correlation between the degree of these three effects. 

The relation of dosage and of the period of injection and the effects of 
oestrin have been investigated. The progressive nature of the action of 
oestrin is stressed. 

The state of the uterus after oestrin injections is compared with that 
obtaining at parturition and the possible roles of the ovarian hormones in 
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determining tlie alterations in the uterine muscle of the rabbit and of the 
human subject during pregnancy and parturition are discussed. 

Certain considerations bearing on the clinical use of cestrin are 
^suggested. 

The expenses of this investigation have been defrayed in part by a grant from the 
Medical Eesearch Council. 
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A SIMPLE PHOTOELECTRIC COLORIMETER. 

By G, a. MILLIKAN. 

{From the Physiological Laboratory, Cambridge,) 

Ordinaey colorimetric metkods of measurement sufier from tke dis¬ 
advantage of requiring subjective judgments depending on tke colour 
sensitivity of tke eye of tke observer. Tkeir accuracy is kmited by tke eye 
fatigue wkick tkey engender and is dependent upon tke quality of tke 
ligkt by wkick tkey are made. Most of tkem are also subject to otker 
limitations: tkey require tke use of complex and empirical calibration 
curves, are relatively slow, or necessitate fairly large quantities of 
material. Tke improvements brougkt about by tke use of spectroscopic or 
pkotometric metkods are still limited by tke basic disadvantage of sub¬ 
jective measurement, intensities of two fields having to be balanced 
against eack otker or spectral bands located. Tkis paper describes a simple 
colorimeter, using a difierential copper copper-oxide photoelectric cell 
and two colour filters, wkick possesses none of these disadvantages. It is 
relatively cheap, simple, and quick to use, can be adapted to very small 
quantities of fluid, and has a linear calibration curve. It is especially well 
adapted to tke measurement of tke degree of oxygenation of ksemoglobin 
solutions, and is not subject to tke usual disadvantages of tke otker 
optical metkods (suck as inaccuracies due to inactive ksemoglobin) wkick 
have been used for tkis purpose. 

Principle of the method. 

Tke principle of tke metkod can be seen from tke diagram at tke 
bottom of Fig. 1, wkick illustrates its appkcability to tke oxygenation 
reaction of ksemoglobin. Ligkt from a suitable source passes through tke 
absorption trough containing tke solution being tested. Behind tke 
trough two colour filters are fastened side by side in front of a difierential 
photoelectric cell, so that part of tke beam goes through eack. Tke 
differential type of cell measures directly tke difference in tke amount of 
ligkt falling on eack half of its light-sensitive surface, and acts in effect 
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like two pkotoelectric cells working against each, other. The two colour 
filters are so chosen as to match in a rough way the colours of the two 
end-points of the reaction being measured, so that when the colour goes 
from one extreme to the other there will be an increase in the amount of 
light going through one filter and a decrease in the amount going through 
the other. This reverses the distribution of light falling on the two sides 
of the cell, and with it the galvanometer deflection. 

The working of the device is well illustrated by the haemoglobin 
reaction for which it was specifically developed. As can be seen from the 



//^APC APC 



Fig. 1. Principle of photoelectric colour analyser applied to EB* 

absorption curves plotted at the top of Fig. 1, the mercury arc is a 
pecuHarly well-adapted source for this colour change. Violet light of wave¬ 
length 436 m/x, where there is a very strong emission line is very much 
more strongly absorbed by reduced than by oxyhgemoglohin, while the 
yellow and green lines (579, 576, and 546 m/z) are almost identical in 
wave-length with the peaks of the characteristic alpha and beta hands of 
oxyhsemoglobin, the position of which is used as the criterion for oxy¬ 
genation by the Hartridge reversion spectroscope method. The 
Wratten D colour filter allows the violet light to pass almost undiminished 
and cuts out the yellow and green completely, while the yellow Wratten G 
filter allows these two colours to pass but is opaque to the violet. The 
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change from oxyhsemoglobin to reduced hsemoglobin in the absorption 
trough reverses the direction of the galvanometer current as shown in 
the diagram, partially oxygenated solutions producing intermediate 
deflections. 


DeSCEIPTIOjNT of the colorimetee. 

A cross-section of the instrument is given in Fig. 2. It consists of light 
source, absorption trough, colour filters, photoelectric cell and galvano¬ 
meter, The choice of source, trough, and galvanometer will depend upon 
the particular reaction being measured, the amount of material available, 
and the degree of sensitivity required. For most ordinary uses an in¬ 
candescent lamp bulb, and a flat-sided trough about 1 cm. thick, with 
a low sensitivity galvanometer, or even a micro-ammeter, will prove 



satisfactory. As illustrated the instrument is adapted to measuring the 
oxygen saturation of small quantities of haemoglobin, flowing down a tube. 
A KBE 110-volt mercury arc lamp is used, focused on the absorption 
trough with a condensing lens. The trough itself is a 1 cm. length of 
1 mm. glass capillary. 

The photoelectric cell is the diflerential type of copper copper-oxide 
cell manufactured by the Cambridge Instrument Co. under Westing- 
house patents. It consists of a copper disc about 2 cm. in diameter, with 
a layer of copper oxide on the front surface, and a thin metallic film on 
top of this. The surface is divided into two halves by a scratch along one 
diameter, and the terminals rest lightly on the metalhc film, one on each 
half. This ceU measures directly, and without driving potential, the 
difference in the amount of light striking the two halves. The colour 
filters are fastened to the photoelectric cell. They are adjustable from 
side to side, enabling the galvanometer to be brought to a convenient 
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balance during calibration, and are then clamped fast. The adjustment is 
so made that the two end-points give deflections which are approxi¬ 
mately equidistant from the null point on either side. This use of a 
balanced system very greatly simplifies operation, and reduces to a 
mininium the ill effects of fluctuations in hght source and lack of mechani¬ 
cal rigidity in the apparatus. It has proved of the utmost importance in 
getting reliable results. 

With this apparatus, using the 1 mm. observation tube, and the 
mercury arc source, I have obtained galvanometer currents of about 
3 X amperes for the change from 0 to 100 p.o. oxygenation of a 
haemolysed blood solution diluted 200 times. 

Calibbation. 

The galvanometer deflections corresponding to the two end-points 
are obtained directly either by successively running the fully oxygenated 
and the fully reduced hsemoglobin through the observation tube, or by 
using a three-compartment absorption trough, one compartment of 
which contains the unknown fluid, and the other two the end-point 
standards. The frequency with which these standards must be referred 
to depends upon the stability of the set-up, the steadiness of the lamp 
source, and the desired accuracy of reading. 

The intermediate concentrations of the different pigments can be 
calculated by linear interpolation from the two end-points, when suffi¬ 
ciently dilute solutions, such as the method is well suited to, are used. The 
condition of linearity is that the amount of hght absorbed by each 
substance be directly proportional to its concentration in the solution. 
In a parallel-sided trough, light absorption actually follows the well- 
known logarithmic expression: 

Amount of light absorbed == amount of incident Hght x (1 — 

where h is the specific Hght absorption of the substance, c its concentra¬ 
tion, and d the thickness of the absorption trough. A simple calculation 
shows, however, that if a certain concentration absorbs 4 p.c. of the total 
Hght, then half that concentration will absorb 2*02 p.c. of the total Hght, 

which is only = 1 p.c. deviation from Hnearity. If an accuracy of 
1 p.c. is desired, it is then necessary to see that the galvanometer deflec¬ 
tion between end-points is less than 4 p.c. of the total deflection obtained 
by cutting off completely the Hght striking one side of the cell. 

If this dilution condition has been compHed with, the caHbration 
curve is a straight line. To understand this, we need only make the 

11 -^ 2 ' 
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assumption, wHcli lias been often made before, and is in fact implicit in 
the calibration of the reversion spectroscope by the wedge trough 
method, that a partially oxygenated solution of liaBmogiobiii behaves 
optically like a mixture of the corresponding quantities of oxy- and 
reduced haemoglobin. Let us, for the sake of simplicity, consider the case 
of a solution 50 p.c, saturated. The absorption curve of such a mixture 
will lie just half-way between that of the fully oxygenated and that of 
the fully reduced one given in Fig. 2, and in particular will cut the violet, 
green and yellow lines of the mercury arc spectrum just half-way be¬ 
tween the intercepts of the two extreme curves. The violet light striking 
one side of the photoelectric cell will then be of an intensity mid-way 
between that of the two end-point solutions, and the same will be true of 
the yellow and green hght striking the other side of the cell. Since the 
galvanometer records the algebraic sum of these diSerent effects, its 
deflection will also be just half-way between its two calibrating end¬ 
point positions. Similarly, a solution one-third saturated will produce 
a galvanometer deflection one-third of the way from the fully reduced to 
the fully oxygenated positions, and so on. 

The argument applies equally well to every reaction which involves 
any colour change, i,e. any alteration in the spectral absorption. In 
particular, it is applicable to mixtures of reduced hemoglobin and 
carboxy-hsemoglobin; and at Dr Eoughton’s suggestion, I have used 
these mixtures to test empirically the linearity of the calibration curve, 
since known mixtures of reduced and carboxy-hemoglobin are very much 
simpler to prepare than those of reduced and oxyhemoglobin. The aiB&nity 
of carbon monoxide for hemoglobin is so great that one can make up a 
solution of saturated carboxyhemoglobin, and subsequently remove 
practically all of the excess carbon monoxide without danger of appreci¬ 
able dissociation. Such a solution was mixed in varying proportions with 
a solution of hemoglobin previously reduced by bubbling mtrogen through 
it and adding a small quantity of sodium hydrosulphite, and its satura- 

Measuxed p.c. COHb Maximum 
Actual p.c. COHb photo-cell method deviation 


20 

21 

4 

40 

38 

4 

60 

60 

3 

80 

80 

8 


tion was then measured by the photoelectric cell method. The average of 
four determinations for each solution are given in the above table, as 
well as the maximum deviations of individual readings. 
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By this rougli test the method appears accurate to about 4 p.c. for indi¬ 
vidual readings. The measurements were made under the very unfavour¬ 
able conditions imposed by an absorption trough consisting of a cylindrical 
tube less than 2 mm. in internal diameter. This type of trough was 
dictated by the nature of the kinetic studies for which the method was 
being developed. With a larger observation vessel, and more light passing 
through it, a much higher degree of accuracy should be obtainable. 

The linear character of the calibration curve is one of the principal 
advantages of the method. It reduces the labour of calculation and in¬ 
sures uniform accuracy throughout the whole colour range. It is, in this 
respect, more satisfactory for haemoglobin reactions than the reversion 
spectroscope, which has an empirical calibration curve, and which 
becomes unrehable at both high and low degrees of saturation. 

Summary. 

A colorimeter using a differential copper copper-oxide photoelectric 
cell, and colour filters is described. Its advantages are: 

(1) Elimination of eye strain and subjective judgments. 

(2) Speed and ease of operation. 

(3) Linear calibration curve. 

(4) Availability for small quantities of material. 

(6) Simplicity and low cost. 

It has been used to measure the degree of oxygen saturation of dilute 
haemoglobin solutions. 
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THE KINETICS OF BLOOD PIGMENTS: 

H^MOCYANIN AND HEMOGLOBIN. 

By G. a. MILLIKAN. 

[From the Physiological Laboratory, Cambridge.) 
iNTRODUCTIOlSr. 

Oxygen unites reversibly with the respiratory pigments, haemocyanin 
and haemoglobin. When the equilibrium state has been reached, as many 
molecules of oxygen are being bound per second by the pigment as are 
dissociating from it. This paper describes the individual measurement of 
these two opposing reactions oberved in several kinds of haemocyanin and 
haemoglobin. It follows directly both in method and subject-matter the 
pioneer researches of Hartridge and Eoughton [1923 6, 1925] on the 
kinetics of sheep haemoglobin. 

Measurements of the speed of the reactions of oxygen with the 
respiratory pigments can throw light directly on two groups of questions: 
(1) Is the speed with which oxygen is taken up or given off by the blood 
pigments slow enough to be a physiological limiting factor in the meta¬ 
bolism of the animal? (2) What is the mechanism by which the blood 
pigments bind oxygen? It is also hoped that these studies on the rates 
of reaction of the small oxygen molecules with large protein molecules may 
eventually throw some light on the mechanism of enzyme action, and 
serve as an introduction to a later kinetic study of catalytically active 
pigments. 

I. Method and material. 

The experimental method. 

The continuous flow method for following rapid reactions taking 
place in solutions, which was introduced by Hartridge and Eoughton 
[1923 a], has been used. The two reacting fluids are driven at a high rate 
of speed into a common chamber where they are thoroughly mixed, and 
immediately passed down an observation tube, where the colour changes 
accompanying the reaction can be followed, each point along the 
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observation tube corresponding to a fixed calculable time after tbe initial 
mixing. Tbe apparatus described by Hartridge and Rougbton had 
two principal limitations which have been overcome in the present form. 
First, it was only adapted to relatively large amounts of material, which 
were not available when haBmocyanin or haemoglobin from small animals 
was being studied. This has been remedied by constructing the demee on 
a micro scale, the observation tube being a little less than 1 mm. in internal 
diameter. Second, the reversion spectroscope with which Hartridge and 
Roughton determined the degree of oxygenation of the haemoglobin is 
not available for haemocyanin, while even for haemoglobin it can only give 
readings between about 25 and 75 p.c. saturation, thus missing the very 
important initial and end-points of the curve. Photoelectric cell methods 
have accordingly been developed, which are not subject to these weak¬ 
nesses. The increase in total light absorption which accompanies the 
oxygenation of h^mocyanin when it goes from colourless to blue was 
used as the criterion for the extent of the reaction when this substance 
was being studied, while for haemoglobin the change in relative absorption 
of different wave-lengths, which is indicated by the purple-to-scarlet 
shift, was measured. One such method is described in an adjoining paper 
[Millikan, 1933], and it is hoped in due course to discuss the remainder 
of the technique elsewhere. 

In accordance with the procedure of Hartridge and Roughton the 
dissociation process has been measured by removing the oxygen liberated 
by the reaction as fast as it is formed by means of sodium hydrosulphite. 
This reduces the back reaction to xero. In measuring the rate of combi¬ 
nation we have limited ourselves to the first portion of the reaction, 
where the backwrard component is negligible or can easily be allowed for. 
In the reduction process, a solution of oxygenated pigment is driven in 
one entrance of the mixing chamber and a solution of hydrosulphite in the 
other, the change of colour in the observation tube being then measured. 
It was necessary, however, to show that the oxygen absorber actually 
does act in this capacity, and does not attack directly the molecules of 
oxygenated pigment. By varying the initial hydrosulphite concentra¬ 
tion, Hartridge and Roughton were able to show that in the reduction 
of hsemoglobin the reagent did act in this desired way, for, after a certain 
minimal concentration was reached, no further increase produced a 
change in the velocity of dissociation, I have been able to confirm this 
result for haemoglobin, and to extend it to h^mocyanin. Furthermore, 
I have been able to show that the behaviour is completely different where 
hydrosulphite acts as a true reducer as in the reduction of methylene blue 
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to leuco metliylene blue or of metlisemoglobin to reduced liaemoglobin, 
and for these two substances the rate of reduction, as measured by tbe 
reciprocal of the time required to reach, half completion, is directly pro¬ 
portional to the concentration of reducer, as one would expect from the 
simplest mass action considerations (see Table I, and Fig. 1). 


Table I. Effect of hydrosulphite concentration on dissociation rate. 


Substance and date 
Deoxygenation 

Lim ulus lisemocyanin, raw, Aug. 1931 
Limuhis bcemocyanin, dialysed, Aug. 1931 
Limulus bsemocyanin, raw, Apr. 1932 
Mata bc-emocyaiim. raw, Feb. 1931 
Human bffimogiobin, July 1932 

True reductions 
Methylene blue, Nov. 1930 
Human metbsemoglobin, July 1932 


Time for half reduction (sec.) 


0'2 p.c. 
NasSsO,! 

0-065 iO’Ol 
0-075 rbO-Ol 
0-092 ±0-01 
0-013 ±0-005 
0-017 ±0-002 


0-052 ±0-01 
0-053 ±0-012 


- ^ 

0-4 p.c. 
Na2S204 

0*065 ±0-01 
0-075 ±0-01 
0-082 ±0-01 
0-010 ±0-005 
0-014 ±0-002 


0*023 ±0-005 
0-025 ±0-010 



Fig. 1. Effect of reducer concentration in true reductions. 


The control of the pR required special experimental precautions, because the sodium 
hydrosulphite used as an oxygen absorber acts as an acid in solution, and its oxidation 
products are more acid than it is. The reducing solutions of hydrosulphite were therefore 
made up in if /20 borate or phosphate buffers, with a small measured excess of NaOH added 
to bring back the reaction to that of the original buffer. Indicators could not be used to 
determine the pH with accuracy because of the bleaching effect of the hydrosulphite, so the 
reaction was in ail cases determined with the glass electrode, and a large number of pre- 
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liminary tests "were made to show that the final eqnilibrinm was the same as that reached 
immediately after mixing in the observation tube. Since it was found that the effluent 
solutions became more acid on standing in the air, it w*as necessary to make the deter¬ 
minations during or immediately after a run. 

Ill order to eliminate possible gradual changes in the pigments at different jsH’s, it was 
the usual procedure to use as stock solutions in the apparatus a single batch of unbuffered 
pigment on the one hand, and on the other a series of buffered reducer solutions of different 
reactions. 

Substances used. 

Three principal respiratory pigments have been used in this study: 

(1) The haemocyanin of the horseshoe crab, Limiilus jjohfpJiemus, 
dialysed, and also in the native serum. 

(2) The serum of the spider crab, Maia squinado, 

(3) Laked sheep blood in dilute solution. 

The first substance, in the purified form, is the best-estahlished 
example of a ^'primitive” oxygen carrier, i.e. one for which the equi¬ 
librium dissociation curve is reproducibly a simple hyperbola. Its 
behaviour is further simplified by the fact that this curve is relatively 
insensitive to changes in hydrogen-ion concentration [Eedfield, 1930]. 
Maia serum, on the other hand, represents a pigment which has “^gone 
wild.’’ Its equilibrium curve is of variable sigmoid form, and is enormously 
affected by ^H. It has a very marked minimum affinity at 6*2, and 
large increases on both acid and alkaline sides of this reaction [Hogben, 
1926]. The native serum of the horseshoe crab has properties intermediate 
between these two extreme groups, the equilibrium curve being generally 
sigmoid in shape, and quite definitely affected in position by change of 
reaction, though not nearly as much so as that of the Crustacea. There is 
also a marked minimum affinity at a jpS. of 8*1 [Redfield, 1931]. 

Laked sheep blood was chosen for comparative study because it 
represents a hsemoglobin whose equilibrium curve has been very care¬ 
fully worked out, and because it was the object of the earlier kinetic 
studies ofHartridge and Roughton with whose results the new data 
could therefore be compared. Some kinetic experiments have also been 
made on the hsemoglohins of man, frog, and pig, in order to compare the 
kinetic behaviour of a number of hsemoglobins with each other. The 
development of the micro method has for the first time naade possible this 
type of investigation on the smaller or the more valuable animals (viz. 
frog, man), whose blood is only available in limited quantities. 

Lirmdus serum, treated witfi toluol to prevent bacterial action, will keep many months 
without deterioration if stored at 0° C. I am extremely grateful to Dr A. C. Bedfield 
for having generously provided me with a large amount of this material from Wood’s Hole, 
Massachusetts. He drew the blood, filtered it tbrougb cheeseciotb, added toluol, and shipped 
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it to me in the ice-boxes of fast liners. Handled in this way, the material remained in 
apparently good condition. Dialysis was carried out in the usual collodion sacks against 
distilled water at about 0° C., until the chloride content became less than 1 millimolar as 
judged by the amount of precipitate formed when an excess of silver nitrate was added to 
a nitric acid digest of the sample. Control tests were made with known salt solutions. 

The formation of melanin proved extremely troublesome in the spider crab serum 
[Pinhey, 1930], Limulus blood being fortunately free of the tyrosinase which produces it. 
This tendency to blackening, the occasional presence of yellow iipochrome pigments, and 
the very great variation in the quality and concentration of pigment in spider crab blood 
made it a very much less satisfactory substance to work with than that of Limulus and 
reduced the accuracy of the results obtained with it. None of the devices used to combat 
these bad properties of the blood has been completely satisfactory. 

Sheep hEemoglobin was prepared as described by Forbes and Bougbton [1931] or 
Hartridge and Bougbton [1923 Z>], in order that the results might be comparable with 
those obtained in earlier work. Human hsemoglobin was obtained a few minutes before 
each experiment by defibrinating and laking with distilled water a few cubic centimetres 
of blood drawn from an arm vein. Two or three c.c. of red blood were sufficient for an entire 
kinetic run with thirty or forty individual points, but the poorer optical properties of hsemo- 
cyanin require for it greater concentration, so that 50-75 c.c. of the blue blood were usually 
necessary. 

Calculation of velocity and equilibrium constants. 

In calculating the velocity and equilibrium constants for primitive” 
pigments, the following expressions were used: 


(1) Jl = equilibrium constant = 

1 


Pq at 60 p.c. saturation ’ 


Dimensions: 


mm. Hg* 


(2) K — velocity constant 

^ ^ ^ dissociation velocity constant ’ 

(3) F = = association velocity constant; 

a == initial concentration of both oxygen and reduced bsemo- 
cyanin in mm. Hg of Og; 
t^ == time of half completion of reaction; 

Dimensions:- ^ -* 

mm. Hg X sec. 

0'7 

(4) k~ ^ = dissociation velocity constant; 

Dimensions: 


see.’ 


These expressions are a simpler and somewhat less accurate version of 
those given by Hartridge and Eoughton [1925]. The following as¬ 
sumptions have been made in deriving them: 

(а) The dissociation is monomolecular. 

(б) In measuring the dissociation rate, the hydrosulphite absorbs the 
oxygen so quickly that there is no back reaction. 
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For tliese first two assumptions the evidence, both old and new, is now 
very strong. They should be valid quite independently of the validity of 
the remaining three. 

(c) The association is bimolecular. 

As far as the new kinetic studies go, the hyperbolic shape of the 
equilibrium dissociation curve is our only justification for making this 
assumption. 

(d) In measuring the association rate, the back reaction is negligible. 

(e) In measuring the association rate, the initial concentration of 
oxygen and reduced pigment are equivalent. 

These last two assumptions can be checked in the following way. The 
complete differential equation for the association process is 

% = ¥ia-y)ib-y)-Jcy, 

where y = concentration of oxygenated pigment, 

a = initial concentration of oxygen, 
b = initial concentration of reduced pigment. 

This expression was given by Hartridge and Roughton. It can 
be integrated graphically upon substitution of any arbitrary values for 

ICf a, and b. If assumptions {d) and (e) are made this equation becomes 

%^¥{a-yf, 

which can very easily be integrated. Assumption (d) was checked by 
comparing the time of half completion of the reaction as calculated by 
graphical integration of these two equations, the substituted values being 
those of actual kinetic runs on Limulus heemocyanin. The difference was 
just 10 p.c., which is less than the experimental uncertainty in the 
determination of this quantity. The final assumption (e) depends upon the 
experimental conditions. It was not always possible to make the con¬ 
centration of the reactants exactly equivalent, but an excess of either one 
amounting to as much as 40 p.c. can be shown by integration of the 
corresponding equations to affect the half completion time of the reaction 
by less than 35 p.c., which is about the experimental xmcertainty in this 
quantity. 

The concentration units in which aU of the constants are expressed is 
that in common use for equilibrium curve work, namely, ''the equivalent 
partial pressure in millimetres of mercury.’’ The reduced and oxygenated 
pigments as well as the dissolved oxygen can be very simply measured 
in this way, the pigment concentration being expressed in terms of its 
oxygen capacity. Roughton [1932] has given the thermodynamic 
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justification for tlie unit. It is used here because of its convenience, but 
it can readily be converted into the usual chemical notation by means of 
the Bunsen solubihty coefficient and the gas constant. 

It has been pointed out by A d a ir and by Hart ridge and E o u g h t o n 
that the same kinetic and equilibrium equations are obtained if the pig¬ 
ment molecule contains any number of places for oxygen instead of only 
one, provided that these valencies are all equally strong and are inde¬ 
pendent of each other. For purposes of calculation one'' molecule” of the 
pigment would, however, be defined as the amount of substance com¬ 
bining with one molecule of oxygen. 

II. Experimental results. 

Under physiological conditions. 

The direct physiological interest in kinetic experiments on the blood 
pigments lies in the answer to the question: are these reactions slow enough 
to be limiting factors in the metabolism of the animal? In the vertebrates 
the question is complicated by the fact that here the pigment is carried in 
corpuscles, diffusion and chemical reaction velocity becoming joint factors 
in determining the total rate of gas exchange, as has been shown by 
Eoughton [1932]. Hsemooyanin, however, is dissolved directly in the 
blood, and this complication does not exist in its case. In vitro experi¬ 
ments on hsemocyanin therefore give us a much more direct picture of 
what goes on in the organism than corresponding ones on haemoglobin. 
In two other respects the experimental conditions in the kinetic studies 
of the blue bloods approach more closely those obtaining in the living 
animal. Due to optical properties of the pigments, the concentration of 
haemoglobin must be reduced to one-hundredth or less of that in the 
corpuscles in order to make kinetic measurements, and it is conceivable 
that this great dilution may considerably affect the measured velocity 
constant of the reaction. Haemocyanin, however, can be studied at 
practically blood concentrations. In the second place, normal room 
temperature, at which these experiments can most easily be carried out, 
is a normal one for the blue-blooded animals, but is below the body 
temperature of the mammals. 

Table 11 summarizes the results of kinetic dissociation runs made on 
the native sera of the spider crab, Maia^ and the king crab, Limulus, at 
room temperature and at hydrogen-ion concentrations in the neighbour¬ 
hood of the physiological range [Quagliarello, 1916]. In Fig. 2 are 
plotted the relevant points of two of the individual experiments. Several 
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Table II. Rate of dissociation of arthropod sera iinder piiysioiogicai conditions. 


Exp. Species and date 


Time, 50 p.c. reduction 
sec. 

50 JIaia, ^ov, 1931 

74 

0-017 iO-005 

51 „ Xov. 1931 

7*5 

0*0204:0-008 

52 „ Nov. 1931 

(interpolated) 

7*5 

0-015 ±0*008 

71 „ June 1932 

(interpolated) 

7-5 

0-020 ±0-004 

Average, Maia, c. 20° C. 

0-017 ±0-006 

46 Limulus, Aug. 1931 

9 

0-065^0-020 

56 „ Feb. 1932 

9-0 

0-075 ±0-010 

57 „ March 1932 

8-0 

0-075 ±0-010 

59 „ April 1932 

8-0 

0-075 ±0-010 

60 „ AprU 1932 

8-0 

0-080 ±0*015 

Average, Limulus, c. 20" C. 

0-075 ±0-010 



Fig. 2. Rate of dissociation of sera; physiological conditions. 


of the points are averages of two or more readings to avoid congestion 
in plotting. A corresponding curve for sheep hsemoglobin is included for 
reference. It will be seen that the rate at which oxyhsemocyanin dis¬ 
sociates is of the same general order as that of oxyhaemoglobin, the half 
reaction taking from a sixtieth to a tenth of a second. There is, however, 
a very considerable difierence between the two haemocyanin species, the 
relatively active spider crab possessing blood which yields up its bound 
oxygen much more rapidly than the more sluggish horseshoe crab. It is 
improbable that this difference is of any physiological significance, since 
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even the most slowly dissociating pigment gives up half its oxygen in 
one-tenth of a second, whereas the time of passage of hlood through the 
tissue capillaries is never less than several seconds. 

The rate of oxygen uptake at physiological concentrations is a much 
quicker affair than the reverse process, reaching half completion in less 
than 1/300 second for both Limulus and Maia serum, which is very much 
too fast to make it a limiting factor in the metabolism of the animal. 

Tile observation tube of the Mnetic apparatus does not give a strictly accurate picture 
of wbat takes place in the gill capillary, since in tbe former the oxygen is used up from the 
supply initially sent down the tube with the reduced pigment, and there is therefore a 
progressively lower oxygen tension as we proceed along the tube; in the intact animal, on 
the other hand, oxygen is drawn from outside the capillary, where it exists at a fairly 
constant concentration. In the kinetic experiments, the initial oxygen tension of about 
300 mm. of Hg was chosen so that the average oxygen pressure as the fluid went down the 
tube would be about that of aerated water, but it is not claimed that the value of 1/300 sec. 
for half completion tells anything more than the order of magnitude of the rate in the 
capillary. This happens to be ail that is needed to answer the physiological (Question of 
limiting factors in oxygen metabolism. 


The comparative speeds of dissociation of different hlood pigments. 

The hemoglobins of three mammals and one amphibian have been 
studied under identical (though not physiological) conditions, as well as 
the hemocyanins of Limulus and Maia, The results are summarmed in 
Table IIL For these haemoglobin experiments the blood was hemolysed 


Table IU. Rates of dissociation compared with oxygen affinity. pH 8*6, 22° C. 
(Kinetic values aU obtained in same experimental run.) 



Reduction 

Reciprocal 

affinity 


time 

Po^-50 p.c, 

Hsemogiobins 

ho 

sat. (mm.) 

Rrog 

0*020 

18 

Sheep 

0*028 

3 

Man 

0*038 

1 

Bg 

0*047 

Unknown, 

Hsemocyanins 


but low 

Spider crab, Maia 

0*025 

16 

Kong crab, Limulus i 
Dialysed 

0*080 

3 

Kative 

0*075 

17 


Authority for affinity values 

Macela and SeliSkar [1925] 
(Korbes and Roughton [1931] 
|HartridgeandRoughton[19236] 
Macela and Seligkar [1925] 


Hogben [1926] 

Redfield [1930] 
Redfield[1930] 


and diluted two hundred times in borate buffer. JSTo attempt was made 
to remove tbe stromataj salts, or plasma proteins, but their concentration 
would be low in tbe final dilute solution. In any case, tbe effect of salt 
concentration on tbe rate of dissociation is probably not large, as its 
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removal is seen to liave little effect on this quantity in Limulus 
cyanin (Table III). Tbe value for Maia bsemocyanin given in tiie table 
is for tbe native serum, as no extensive runs were made on this material 
after dialysis. In Table III are also given tbe partial pressures of oxygen 
in equilibrium witli balf-saturated pigment solutions, as a rough measure 
of the oxygen afi6.nity. Tlieir significance will be discussed in a later section. 

The order of the dissociation reaction. 

The kinetic dissociation curve of both hemoglobin and hsemocyanin 
has been found to be monomolecular within the limits of error of the 



Fig. 3. The dissociation of sheep heemoglobin. Exp. 77, pH 8'3. Curye constructed from 
equation = reduction Telocity constants44-5-i-; time of in¬ 

duction =0*0074 sec, 

experiments, quite independent of the shape of the equilibrium dis¬ 
sociation curve. The data of one experiment on sheep hsemoglobin are 
plotted in Fig. 3, and replotted logarithmically in Fig. 4. These findings 
completely confirm the earlier results of Hartridge and Rotighten 
obtained with the reversion spectroscope on the same material, and they 
furthermore extend the measurements to much higher and lower satura¬ 
tion ranges where the test for monomolecularity becomes more severe. 
The standard deviation from the logarithmic curve of all points above 
3 p.c. saturation is 3*3 p.c. (This is raised to about 5 p.c. if we include the 
points on the extreme tail of the curve, which were thrown somewhat low 
by a systematic error of manipnlation.) The mutual consistency of points 
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made with widely difiering rates of flow gives satisfactory evidence that 
these results have a real meaning and are not experimental artefacts. 



Fig. 4. The order of the dissociation of sheep haemoglobin. Exp. 77, jpH 8-3. 



Fig. 5. The order of dissociation of haemocyanin, 

Much less accuracy is obtainable with haemocyanin, but within the 
wider Inmts of experimental error, both Maia and Limulus sera show the 
same monomolecular dissociation curves (see Kg. 5), the logarithm of the 
amount of oxyhsemocyanin decreasing uniformly with increasing time. 
This is true for Limulus serum both before and after dialysis, though the 
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equilibrium curve is much aSected in shape and position by this purifica¬ 
tion. Neither the shape nor the position of the kinetic dissociation 
curves is affected by a two- or threefold change in the concentration 
of hsemocyanin {Limulus), 

Effect of pH on dissociation rate. 

The effect of varying the pH on the rate of oxygen dissociation differs 
very considerably from substance to substance. The shifts will be most 
easily understood in relation to the corresponding changes in equilibrium 
behaviour, for which the relevant data have been summarized in Fig. 6. 



Pig. 6. pH effect on equilibrium curves: Ksemocyanin. and bsemogiobm. 

It had been previously found by Hartridge and Eoughton that 
the dissociation rate of dilute sheep haemoglobin was much higher in acid 
than in aUraline solution. By repeating their experiments on the new 
apparatus, I have been able fully to confirm their results, and to show 
that they can also be carried over to human material (Fig, 7). As was 
expected from the greater affinity of human haemoglobin for oxygen 
[Forbes and Roughton, 1931], the rate of dissociation was in every 
case considerably lower than that of the sheep, but the character of the 
change with pH was found to be the same. If the velocity constant is 
plotted against pH, the curve is seen to resemble the titration curve of 
a monovalent acid with a pK of about 7, there being a low constant rate 
at the alkaline end, a high constant rate at the acid end, and an inter¬ 
mediate transition portion. 

PH. LXXIX. 


12 



p.c. oxyliiemoglobiii 
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The Ksemocyanins of Limulus and Maia show completely different 
effects, Maia being very sensitive indeed and Limulus relatively in¬ 
sensitive (Figs. 8, 9). This reflects the general equilibrium behaviour 
plotted in Fig. 6. It will be seen that the rate of dissociation of Maia 
serum increases enormously as the solution becomes more acid, but there 
is no marked slowing up or ^^come back” in the rate after the critical 
pH (6*2) has been passed, although the oxygen affinity does show such 
a marked return. Limulus serum, on the other hand, shows only a smaE 
pH effect, the rate increasing slightly with acidification. Here also there 



Fig. 9. effect on rate of dissociation: Limulus serum. 
Exp. 57. Points are mdividual readings. 


are no signs of a return to lower speeds on the acid side of the critical 
pH” (8*1). The pH effect on this species is, however, so small as to be 
within the rather wide Emits of experimental uncertainty. Ho satisfactory 
experiments on the pH effect of the dialysed Limulus material have been 
made. 

Effect of temperature on the dissociation rate. 

Increasing the temperature greatly speeds up the dissociation rate of 
purified Limulus haemocyardn, just as Hartridge and Eoughton found 
it to do for sheep hemoglobin. The experimental uncertainties in the 
hemocyanin temperature work were, however, too great to allow an exact 
calculation of the temperature coefficient. The value of Qi^is probably 

12—^2 
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al)oiit 3*8 (the same as the hsemoglobin value), though one experiment 
gave as low as 2-2. The shift in the equilibrium constant for this material 
has been found by Brown [1933] to have a of 2-3. 


The rate of co^nbination of oxygen with reduced pigment. 

The new experiments have not yielded quite as accurate results for the 
speed of oxygen association of hsemocyanin asHartridge and Rough- 
ton were able to obtain for sheep haemoglobin, the values given in Table IV 


Table IV. Rate of combination of oxygen and reduced pigment. 


Exp. Material 

67 Limulus bsemocyanin, dialysed 

68 „ „ „ 

66 Sbeep hsemoglobin, diluted 1 : 200 
Sheep hsemoglobin 
Hartridge and Roughton [1925, 
p. 674], converted to these units 


Initial 
average 
cone, of 
reactants 
mm. Hg of O 2 
a 

30 

32 

25 


Time of half 
completion 
sec. 

Hq 

0-012 

0‘008 

0-010 


Association 
velocity 
constant 
assuming bi- 
moleeularity 
¥ 

2-8 

3*9 

4-0 

4*5-6-3 


being possibly in error by as much as 40 p.c. The points of the individual 
curves are too scattered to give definite information about the order of 
the reaction. Bimolecularity is assumed in calculating the velocity 
constant of dialysed Limulus serum simply because of the shape of the 
equilibrium curve. It is also assumed in deriving the same constant for 
sheep hsemoglobin, in order to compare the results with those of Hart- 
ridge and Roughton [1925]. It will be seen that with equivalent initial 
concentrations of the reactants the two pigments react with oxygen at 
roughly the same rate of speed. 

In order to catch the association reaction at all, a redesigned form of 
the kinetic apparatus was required, which would allow greater dilutions 
to be used. This apparatus has an observation tube 2 mm. in diameter 
(instead of the usual 1 mm. tube), and a 4-jet mixer (instead of the usual 
2-jet type). No other changes were made in the experimental arrange¬ 
ments. 

III. Discussion oe results. 

The relation of onund equilibrium constants. 

The purified hsemocyanins of Limulus, Helix, and Busycon are the 
only respiratory pigments now known which reproducibly give hyperbolic 
equilibrium curves and for which, therefore, the very simple Hiifner 
a^umptions can reasonably be made. One of these substances is the 
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logical choice for a comparison of the obseryed equilibrium affinity with 
that calculated from the measured rates of the two opposing kinetic 
reactions. These values for dialysed Ldmulus hsemocyanin are given in 
Table V. 

Table V, 

EqmlibriiiDi 

Association Dissociation ( -. 


Exp. 

_ — 

Exp. 

—\ 


Observed 

Jc' 

h 

Calc. 

[Eedfieid] 

67 

2-8 

69 

7*4 

0*38 

040 

68 

3*9 

— 

— 

0-53 

— 


Exps. 67, 68, and 69 were all made on the same material and on 
adjacent days. The ‘'observed’’ value of 0*40 for the equilibrium con¬ 
stant is interpolated from the data of Redfield [1930], and Brown 
[1933]. I have been able to confirm both the shape of the curve and 
the value for the equilibrium constant by these workers, on material 
identical with that used in the kinetic measurements, though the un¬ 
certainty of my E value was considerably greater than theirs, being about 
O'l. The possible errors for h\ k, and K as judged from the experimental 
uncertainties are 20, 50, and 25 p.c. respectively. The agreement between 
observed and calculated values of the equilibrium constant is therefore 
as good as could have been expected, being within 5 p.c. in one case and 
35 p.c. in the other. 

The situation in regard to haemoglobin is much less satisfactory. 
Hartridge and Eoughton [1925] obtained about the same agreement 
between the velocity and equihbrium constants on sheep haemoglobin as 
have now been obtained on Limulus haemocyanin. They had determined 
equilibrium curves on this material, using the reversion spectroscope, and 
had found them to be hyperbolic in shape. Later investigation, however, 
especially by Forbes and Eoughton [1931], has reproducibly given 
sigmoid curves for dilute solutions of sheep haemoglobin. The simple 
Hiifner theory is no longer able to provide an accurate description of 
these experimental facts, and we must seek agreement between kinetic 
and equilibrium data on the basis of other primary assumptions. 

Kinetic data can be of help in assigning relative merit to other theories 
of the nature of the oxygen-respiratory pigment complex, although the 
quantity and accuracy of the kinetic results so far obtained are not 
sufficient to give a definitive award to any one. The Hill theory, which 
has generally been regarded as untenable in its original form since the two 
independent determinations of Adair and Svedberg, which gave agree¬ 
ing values for the molecular weight very different from that predicted by 
this hypothesis, also fails in its prediction of kinetic behaviour of sheep 
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hemoglobin in dilute solution. The kinetic equations given under 
'^Method’"’ for a simple pigment in which n == 1, can very easily be 
generalized for any integral values of n, and the velocity constants can 
be obtained in the same way. The very careful equilibrium curves of 
Forbes and Roughton, made under conditions which were duplicated 
as closely as possible in the present kinetic studies, have inflections which 
give n values between 2 and 3. The equilibrium K calculated from ¥ 
and h differs, however, from that obtained directly from the equilibrium 
curve, being five times too small for ~ 2 and twenty times too small for 
n = 3. The combined possible errors, though fairly large, are very much 
less than this discrepancy. Since all values of n greater than 1 give 
completely unacceptable calculated values for the equifibrium constant, 
a theory based on mixtures of two kinds of such molecules (in which, for 
example, one is of the n = 2 form, and the other of the ^ form) such 
as Redfield has used in interpreting equilibrium curves, would have 
great difficulty in explaining the results of the kinetic measurements. 

There remains the intermediate compound hypothesis suggested by 
Adair. This theory adequately accounts for the shapes of the carefully 
made equilibrium curves of Adair [1925], Ferry and Green [1929], and 
Forbes and Roughton [1931], if the four arbitrary constants predicted 
by it are suitably chosen. Its principal disadvantage, as a theory, is that 
it allows too much latitude in the choice of the constants. This lack of 
specificity is so great that until more evidence is available on the probable 
values of some of these constants, the attempt to correlate the kinetic and 
equilibrium data is perhaps futile. At this stage, however, two considera¬ 
tions do deserve emphasis: 

(n) Analysis shows that it is quite possible for the intermediate com¬ 
pound hypothesis to lead to an accurately monomolecular curve for the 
dissociation velocity, even if the equilibrium curve is sigmoid {e.g. = 2 

to 3 on HilFs notation). It is hoped later to develop this matter more 
fuUy. 

(6) Preliminary experiments by Roughton have shown that, under 
some conditions, there may be a difference between the “slow equilibrium’’ 
finally reached when oxygen and haemoglobin are shaken together in 
tonometers, and the '‘quick equilibrium” reached in a fraction of a 
second when oxygen solutions and hsemoglobin solutions are mixed 
together in the rapid reaction apparatus. The photoelectric methods are 
particularly suitable for following up this point further. If it were indeed 
established it would obviously be of prime importance in the correlation 
of kinetic and equilibrium data. 
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The molecular weights of blood pigments. 

We liave seen how similar in their kinetic properties are hemoglobin 
and hemocyanin, and the equilibrinm work of the last few years has but 
emphasized the essential hkeness of these two groups of substances in 
their behaviour towards oxygen. The differences between the two groups 
are in general no greater than interspecies differences within each group. 
It is appropriate, therefore, to ask of what significance is a thirty- to 
seventyfold difference in their molecular weights, Svedberg’s ultra¬ 
centrifugal determinations having given a value of 5,000,000 for the 
weight of Helix hsemocyanin and 2,000,000 for Limulus hsemocyanin as 
compared with 68,000 for mammalian haemoglobins. Adair’s inter¬ 
mediate compound hypothesis is as easily capable of explaining sigmoid 
dissociation curves with % = 30 or w. = 70 as with n = 4. This theory 
further suggests a very simple qualitative explanation for the observed 
change in shape of the curves under different conditions of salt concentra¬ 
tion, for if the relative dependence of one oxygen valence on another is 
determined by the salt concentration, such changes are predicted. For 
example, in the case of Limulus hsemocyanin, the hyperbolic curve 
obtained for the purified material is predicted by the intermediate 
compound hypothesis if the tightness with which one oxygen molecule is 
bound in no way affects the equal tightness with which its neighbour is 
bound. This will be so no matter what is the molecular weight, and will 
also explain the indifference of the hyperbolic equilibrium curve of puri¬ 
fied Helix h^mocyanin to its molecular weight, the Stedmans having 
shown that the position and shape of the curve are practically inde¬ 
pendent of the reaction between pH 4-0 and 9-0, whereas Svedberg has 
found the “5,000,000” molecules to be stable only between pH 4-5 and 
7*5, beyond which they break up into smaller fragments. The addition of 
salts must now be supposed to introduce restricting influences on the 
oxygen valencies, so that they become to a certain extent dependent on 
one another. The altered equilibrium constants when substituted into the 
intermediate compound equation for oxygen equilibrium will now give it 
an S-shape, such as that observed experimentally. 

Although Adair’s theory was put forward on the basis of definite 
molecular weight data, it is now seen that its usefulness persists even in 
the absence of the support furnished by the molecular weight, and mole¬ 
cular size becomes of relatively Httle importance in fitting the oxygen 
data, so long as one molecule has at least several places for oxygen. It 
is quite possible that the giant hsemocyanin molecule is made up of 
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haemoglobin-like “sub-molecules/’ in each of which n = 4 or some other 
small number, but so far we have no experimental evidence either for or 
against this hypothesis. 


The equilibrium condition. 

When a solution of haemocyanin or haemoglobin is in equilibrium with 
a given partial pressure of oxygen, just as many molecules of oxygen are 
being bound by the pigment every second as are dissociating from it. If 
any change in conditions produces an increase in the equilibrium affinity, 
this can only mean that there has been an increase in the rate at which 
oxygen molecules have been joining on or a decrease in the rate with which 
they have been coming off, or both. This is true quite independently of 
any theory of the mechanism by which they are bound. Hartridge 
and Roughton found that for sheep haemoglobin it was the dissociation 
reaction which bore the brunt of such a change, the joining on process 
being little if at all affected by changes in salts, or temperature. The 
experiments on haemoglobins of several animals described in Section II 
show that qualitatively at least this principle may be extended to 
interspecies differences, the higher the affinity, the slower being the 
dissociation (Table III). There are difficulties, however, when we attempt 
to apply the same principle to the two hsemocyanins which have been 
investigated. The native hsemocyanins of Maia and Limulus at 8*6 
have approximately equivalent affinities, but their dissociation rates 
differ by a factor of three. Furthermore, the large increase in the affinity 
of Limulus serum for oxygen brought about by dialysis fails to be re¬ 
flected in any considerable change in the rate of dissociation. Another 
exception is found in the pH behaviour of both types of blue blood, for 
on the acid side of the critical acidification brings increased affinity 
for oxygen, but fails to bring marked slowing down of the dissociation 
process. 

Two possible explanations for these exceptions suggest them¬ 
selves: 

(1) there is some compensating change in the rate of the combining 
reaction, or 

(2) the published equilibrium curves fail to portray the equilibrium 
conditions at the moment of the kinetic measurements. 

More extensive kinetic association data or more information about 
''fast’' and "slow” equilibrium curves will be needed for a decision 
between the two. 
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Comparative properties of hcemoglohin and hcemoegamn. 

A number of outstanding properties of basmoglobin and bsemocjanin 
have been listed in Table VI. A glance at tMs table will stow how our 
newer kinetic evidence has reinforced the results of equilibriuni work in 
bringing out the essential similarity in the oxygen-binding behaviour of 


Table YI, ComparatiYe properties of ii8BixLOglobin and liagmocyamn. 



Properties of equilibrium curve 

Hemoglobin 

Hemoeyanin 

1. 

Shape, native state 

Always sigmoid 

Always sigmoid 

2. 

Shape, purified 

Probably always sig¬ 
moid 

Sometimes hyper¬ 
bolic : often sigmoid 

3. 

pH effect, native state 

Kinetic properties 

Hone {XJrecMs) 
Moderate (mammals) 
Large (fiBh) 

Kone (pure Helix) 
Moderate (Limulus) 
Large (Maia) 

4. 

Approximate time of dissociation, 

20° 0., pH circa 8-6 

1/40-1/20 sec. 

1/40-1/10 sec. 

5. 

Character of dissociation 

Accurately mono- 
molecular 

Monomolecnlar with¬ 
in experimental 
limits 

6 . 

Effect of decreasing pH on rate of dis¬ 
sociation 

Increase 

Increase or small 
change 

7. 

Effect of increasing temperature on rate 

Great increase 

Probably great m- 


of dissociation 

^10 ~ 

crease 

^io=2-2?-3-8 

8. Approximate rate of combination, h' 
(assuming bimolecularity) 

Other properties 

4-0 (new)-6-3 (H.R. 
1925) 

2-8-3-9 

9. 

Metal: Element 

Iron 

Copper 

Ho 


Pyrrol prosthetic group 

Yes 

10. 

Ratio, metai: oxygen molecules 

1 : 1 

2 : 1 

11. 

“Met” oxidation product 

Yes 

Yes (Conant) 

12. 

Addition products beside oxygen: CO 

Yes 

? 


KCK 

Probably no 

Yes 

13. 

iroiecular weight 

68,000 (mammals) 
millions {Armicola) 

2,000,000-5,000,000 
for 2 species (no 
Crustacea) 


these pigments, and we have seen above that the molecular weight 
differences need not affect this similarity. Of what significance are the 
other differences, such as the metallic element, the ratio of metal to 
oxygen bound, the existence of other loose complexes? The answer to 
this question is probably closely bound up with the catalytic rdle of iron 
and copper compounds in biological processes, and it is from the further 
study of oxygenation and oxidation, of oxygen transport and oxygen 
catalysis—perhaps by kinetic methods—^that we may hope for further 
fight on the mechanism of oxygen binding by the respiratory pigment®. 
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Summary. 

1. Tte reactions of oxygen with hsemocyanin take place with the 
same order of speed as those with hsemoglohin. 

2. Under physiological conditions;, the oxygen dissociation of Limulus 
sernin takes about 1/10 of a second to reach half completion; that of 
Maia takes about 1/25 of a second. The association process is half 
completed in less than 1/300 of a second for both these pigments. These 
reactions are too fast to be limiting factors in metabolism. 

3. The oxygen dissociation of the blood pigments has been found to 
be monomoiecularj independently of the shape of the equilibrium dis¬ 
sociation curve. This is true, in particular, for sheep hsemoglobin, where 
the reaction has been followed throughout its entire course with a probable 
error of about 3 p.c. 

4. Increasing the acidity of the blood pigments either greatly 
increases the rate of oxygen dissociation {Maia serum, sheep haemo¬ 
globin, human hemoglobin), or produces little effect on it {Limulus 
serum). It never much reduces the rate, even on the acid side of the 
"'critical pH.” 

5. Increasing the temperature greatly accelerates the dissociation of 
Limulus haemocyanin, as it does for sheep hasmoglobin. 

6. Under identical conditions, the haemoglobins of pig, man, sheep, 
and frog, have quite different rates of oxygen dissociation, as do the 
h^mocyanins of Maia and Limulus. 

7. The equilibrium constant of dialysed Limulus serum as calculated 
from the rate of dissociation and the rate of combination with oxygen 
agrees with that obtained by direct measurement. 

8. The bearing of these experimental results on the problem of the 
nature of the oxygen-binding mechanism of the blood pigments has been 
discussed. 

I should like to express my great indebtedness to Dr F. J, W. R o u g h- 
ton, under whose direction this research was attempted, and to the 
Medical Research Council for defraying part of the expenses. The work 
was done in the Physiological Laboratory, Cambridge, and during 
a portion of the time I was aided by a grant from the Coutts Trotter 
Studentship of Trinity College. 
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OVULATION AFTER BLOOD DILUTION AND 
CROSS-CIRCULATION, 

By M. K. McPHAIL (1851 Science Research Scholar), 

A. S. PARKES {FouleTto7i Student of the Royal Society) 

AND W. E, WHITE {CuUmg Traveling Fellow, Columbia University). 

[Froyn the National Institute for Medical Research, London.) 

I. Introduction. 

In an earlier paper [Fee and Parkes, 1929] it was shown that an amount 
of the ovulation-producing hormone snjBGicient to cause ovulation is 
secreted by the anterior pituitary gland of the rabbit within about 1 hour 
after copulation. Similar results have been obtained by Smith and 
White [1931] and White [1932]. BrambellandParkes [1932 6] found 
that replacement of a considerable percentage of the blood by gum saline 
at about 1-11- hours after copulation did not affect the ensuing ovulation, 
and therefore that an appreciable excess of the hormone over the amount 
actually required to produce ovulation is present at this time or can be 
secreted after the dilution. On the basis of experiments ctoied out at 
University College, Bangor, this excess or ‘'safety factor” was estimated 
at rather over 30 p.c. of the amount in the circulation. More recent 
experiments, carried out in London on rabbits kept under different 
conditions, suggest a greater margin. Since a certain amount of the 
ovulation-producing hormone is presumably present in the blood of the 
non-mated oestrous rabbit, the existence of this large safety factor in the 
mated rabbit indicated that an adequate amount of hormone should be 
present in the cross-circulation of a mated and a non-mated rabbit to 
cause ovulation in both. The experiments on blood dilution, however, 
suggested that the lowering of the hormone concentration by distribu¬ 
tion through two circulations might affect its availability for the ovaries. 
Actually, we have only succeeded in inducing ovulation in the non-mated 
partner if the total number of ovaries is reduced by the removal of one 
from each animal or of both from the mated toimal. 
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IL TECHmQUE. 

The replacement of blood by gum saline was carried out according to 
the technique previously described [Brambell and Parkes, 1932 &] 
and was based upon the same calculations. x411 experiments were carried 
out under urethane. 

The first cross-circulation experiments were performed with the use 
of chlorazol blue as an anti-coagulant [see Brambell and Parkes, 
1932 a], but later this technique was abandoned because of the toxicity 
of the dye, and because the use of an anti-coagulant resulted in the loss 
of several animals by diffuse haemorrhage from cut surfaces. The later 
experiments were carried out by direct anastomosis of the vessels with 
Grile cannulse, specially made for the rabbit. Circulation was established 
from carotid to jugular in all experiments. Direct connection, either by 
Grile cannulae or by tubing in association with an anti-coagulant, has the 
disadvantage that it is difficult to gauge the blood flow, but the use of a 
reservoir in conjunction with the anti-coagulant was found to present 
serious difficulties owing to the small blood volume. The cross-circulation 
was carried out for periods varying from 2 to 4 hours, after which the 
animals were separated and left for a period adequate for ovulation. 

III. The amount of excess ovulation-peoducing 

HOBMONE IN THE MATED BABBIT. 

The results previously recorded [Brambell and Parkes, 1932 6] 
suggested that the removal of 50 p.c. of the blood 1-1| hours after 
copulation, and therefore of 50 p.c. of the hormone in the circulation at 
that time, inhibited ovulation. It seemed possible therefore that varying 
the time of removal would give some indication of the time at which the 
hormone is withdrawn from the circulation by the ovaries. Table I gives 
the results of 21 experiments carried out on these lines. Both ovaries were 
left in, except for Exps. 13 and 15. These results show that the surplus 
hormone circulating or available after copulation is even greater in these 
experiments than was previously estimated. The technique used was 
identical with that previously followed in Bangor, and the increased 
surplus is presumably connected with the strain of rabbit or with en¬ 
vironmental conditions. 

Attempts to inhibit ovulation by removing 60 p.c. of the blood were 
abandoned owing to the high mortality following removal of such a large 
amount, but two of three animals which survived ovulated. 
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Table I. Effect on ovulation of removing 50 p.o. of the blood at 
various times after copulation. 


Time of removal of blood 



after copulation 

Follicles 

Ko. of exp. 

br. 

min. 

br. 

min. 

ovulating 

12 

0 

14 

to 

0 

25 

10 

14 

0 

20 

99 

0 

31 

6 

18 

0 

37 

79 

0 

49 

11 

17 

0 

47 

99 

0 

59 

14 

9 

0 

40 

99 

1 

10 

Xo ovulation 

10 

0 

54 

99 

1 

10 

6 

19 

0 

45 

99 

1 

15 

8 

6 

1 

8 

99 

1 

20 

Xo ovulation 

11 

1 

0 

99 

1 

20 

4 

16 

1 

0 


1 

30 

10 

13 

1 

0 


1 

30 

Ovulated 

15 

1 

0 


1 

30 

Ovulated 

20 

1 

0 

99 

1 

30 

Ovulated 

21 

1 

0 

99 

1 

30 

Ovulated 

8 

1 

3 

99 

1 

33 

3 

4 

1 

22 

99 

1 

42 

4 

5 

1 

22 

99 

1 

52 

4 

7 

i 

20 

99 

2 

0 

5 

2 

2 

5 

99 

2 

30 

5 

3 

3 

0 

99 

3 

30 

9 

1 

3 

30 

99 

4 

0 

6 


The anterior lobe is known to secrete within 1 hour after copulation 
all the hormone necessary to cause ovulation, and the above results imply 
that an astonishingly large excess is produced. On the other hand, it is 
possible that experimentally lowering the percentage of hormone in the 
blood results in renewed secretion by the hypophysis. Such an action, 
however, is unlikely in view of the results of the cross-circulation experi¬ 
ments. The apparent excess might also be explained if the ovaries with¬ 
drew the hormone from the circulation as fast as it was secreted during 
the first hour after copulation, though our results on bleeding at this time 
would still indicate the presence or availability of a large excess. It must 
be remembered, further, that the ovaries may be withdrawing the hor¬ 
mone from the circulation during the actual time of bleeding. 

It is of importance to notice that replacement of 50 p.c. of the blood 
by gum saline removes not only a proportion of the hormone secreted as 
a result of copulation, but also some of that already present and concerned 
ia producing the mstrous condition. Since the removal of 50 p.c. of the 
blood has not lowered the hormone level back to that of oestrus, it must be 
supposed that the post-copulation concentration is much greater than the 
cBstrous level. 
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IV. CilOSS-CIRCULATIOJf EXPERIMENTS. 

The work described above suggests that it should be easy to secure 
ovulation in both partners of a cross-circulation between mated and un- 
mated rabbits. Table II gives the results of nine experiments in which 
both partners lived for at least 15 hours after copulation of the mated 
partner. Most of the animals survived without difficulty and were killed 
after about 24 hours. 


Table II. Cross-circulation of nonnal cnstrous rabbit ^nth mated partner. 


No. 

of 

exp. Method of cross-circulation 

Ovaries removed 
before cross- 
circulation 

Time cross¬ 
circulation 
established 
after copula¬ 
tion of mated 
partner (min.) 

Duration 
of cross- 
circulation 

Result 

1 Chlorazoi blue. Reservoir system 

One from each animal 

36 

2 hr. 5 min. 

4 r.f. in c.p., none in o.p« 


33 35 

45 

2 hr. 5 min. 

3 r.f. in c.p., 3 in o.p. 

3 Chlorazoi blue. Dhect system 


45 

2 hr. 0 min. 

3 r.f. in c.p., none in o.P. 
No oimlation 

4 

^ 53 


55 

2 hr. 3 min. 

5 Crile cannulse 

None ” 

c.c. 1 hr. ^ min. 

3 hr. 0 mill. 

Ovulation in both ova¬ 

6 " „ 

Both from C.P., one 

after injection 
of 7*5c.c. preg¬ 
nancy urine in¬ 
to one partner 
95 

3 hr. 0 min. 

ries of both animals 

1 r.f. in O.P. 

7 

from O.P. 

Both from c.p. 

35 

3 hr. 0 min. 

7 r.f, in o.p. 

8 

None 

29 

3 hr. 0 min. 

10 r.f. in C.P. 

9 

None 

37 

3 hr. 20 min. 

No ovulation 

c.c. cross-circulation. c.p. copulated partner. o.p. 

normal oestrous partner. 

r.f. ruptured follicles. 


These experiments show that it is possible to induce ovulation in the 
normal oestrous rabbit by cross-circulation with a mated partner, and 
thns confirm the general theory of the mechanism of ovulation in the 
rabbit. On the other hand, greater difficulty has been experienced in 
obtaining the result than wonld have been expected from the fact that 
both the concentration and absolute amount of the ovulation-producing 
hormone can be much reduced and yet ovulation ■wiU occur in the mated 
animal. It seemed probable that the surplus in the mated animal would 
have been enough to raise the level in the cestrous animal sufficiently to 
cause ovulation. In practice, however, we have failed to induce ovulation 
in the non-mated animal without reducing the total number of ovaries. 
In addition, onr results show that ovulation in the unmated partner is 
produced most readily when both ovaries are removed from the mated 
animal as soon as possible after copulation. It would appear that the 
ovaries begin to withdraw the hormone from the circulation long before 
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the full amount necessary to cause ovulation has been secreted and that 
ovaries left in the mated partner withdraw an appreciable amount before 
cross-circulation can be established. 

V. Summary. 

1. The removal of 50 p.c. of the blood after copulation and replace¬ 
ment by gum saline did not prevent ovulation in a further series of 
rabbits. 

2. This suggests an even greater ''safety factor” for the ovulation- 
producing hormone than was previously found [Brambell and Parkes, 
1932 6]. 

3. In spite of this apparent excess, ovulation was produced in the 
oestrous rabbit after cross-circulation with a mated partner only when the 
total number of ovaries in the preparation was reduced. 

Our very best thanks are due to Prof. F. W. Rogers Brambell 
and Miss RuthDeanesly who assisted with many of the earlier cross- 
circulation experiments. 
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A NOTE ON THE RETINAL ACTION POTENTIAL 
OF THE HUMAN EYE. 

By sybil cooper [Research Fellow of St Hildas College)^ 

R. S. CREED [Fellow of New College), and 
RAGNAR GRANIT [Felloto of the RocJcefeUer Foundation). 

[From the Department of Physiology, Oxford.) 

The first to retinal action currents from iiiiman subjects were 

Dewar and M'K^drick [Dewar, 1877], wlio observed a deflection of 
tlieir slow T li o m s galvanometer in the same direction as with animals. 
Kahn and Lowenstein [1924] emphasized the di:^culties of the method. 
They reproduce their best curve, obtained with the string galvanometer, 
but are not prepared to state that it represents the true form of the retinal 
response. Hartline [1925] developed the technique and showed that the 
method might be put to some use in comparing retinal and sensory data. 
The best records have been obtained by Sachs [1929], Some of his trac¬ 
ings have been published by Kohlrausch [1931] and are in general 
agreement with our own. His success is in part attributable to long 
practise in the avoidance of winking and other movements of the ocular 
muscles. 

Our original intention was to investigate the technique with a view 
to its possible utilisation as a method of comparison with sensory events. 
An attempt in this direction was, however, carried out only with respect 
to flicker and fusion. Winks at on and off were found to cause changes of 
potential very similar to well-known types of retinal action current. A 
great deal of the time at our disposal was spent in training ourselves as 
subjects and in establishing the true form of the response under standard 
conditions. As the records gradually became consistent and repeatable 
within reasonable limits we decided to take up a simple problem, viz. to 
compare responses from the central retinal field with responses from 
peripheral retinal fields under optimal conditions. For such work the 
human eye is interesting because it is possible in the same retina to com¬ 
pare the action potential from an organ in which cones predominate with 
that from one in which rods are far more numerous than cones. 


PH. LXXIX, 


13 
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Method. 

Eecords from tlie human subject were obtained with the directly 
coupled valve amplifier and string galvanometer which have lately been 
used for registering action potentials in the cat’s eye [Granit, 1933; 
Creed and Granit, 1933]. The subject was seated opposite the stimulat¬ 
ing apparatus with his head supported in a padded frame attached to the 
back of the chair. Leads were taken from the anaesthetized conjunctival 
sac and from the mouth by means of cotton wicks communicating with 
Ag-AgCl-Einger-Locke electrodes. In the course of 20 experiments, each 
lasting about 30 min., some 330 records were taken. 

The standard conditions ultimately adopted were as follows. The 
subject was in a state of considerable dark-adaptation, the lighting of the 
room being only such as to enable the experimenter to handle the appara¬ 
tus. The stimulus was a circular sheet of ground glas/illuminated from 
behind and of about 10 ml. brightness. It subtei^^d about 7° at the 
subject’s eye and carried a cross of luminous paint for central fixation. 
For peripheral stimulation a piece of faintly illuminated paper SO'^ to 
one side was used as a fixation mark. These conditions are optimal in that 
further increase of area has little effect on the amount of potential de¬ 
veloped, increased brightness makes the suppression of winking at the 
beginning of the stimulus almost impossible, and light-adaptation is 
accompanied by smaller responses. 

Eesuxts. 

The normal response in central and peripheral vision. 

Fig. 1 shows a response which, we are satisfied, represents a very close 
approximation to the true curve of retinal action potential in the human 
eye. The silent features of such curves are: absence of a-wave, small 
6-wave of about 0-2 millivolt or slightly less, small secondary rise (c- 
wave), and absence of definite off-effect. The only certain difference 
between central and peripheral responses is the lesser amount of potential 
developed in the latter. With one observer this difference averaged about 
5 p.c.; with the others it was consistently about 15-20 p.c. and thus 
outside the limits of possible error. The latent period preceding the 
deflection was never less than 40 cr and commonly exceeded 60 ct. 

It is interesting to note that the curve of potential is of the same type 
in the central and peripheral retina. The 6-wave may have a more 
definite peak in peripheral vision, but this result was not constant and we 
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hesitate to accept it as significant. The use of a smaller area, restricting 
the number of rods participating in the central response, was found to be 
of little service in our attempt to compare central and peripheral effects. 
The responses then became too small. 

Oomjparison with the cafs retinal action potentiaL 

It is interesting to compare Fig. 1 with the response of the cat's eye 
when leads are taken from the eyeball and from the decerebration wound 
[see Gran it, 1933] under otherwise similar conditions. The latter shows 



Fig. 1. Curve of retinal action potential for observer R. G. with central vision. Diameter of 
stimulating disc about 5° 30'’ of visual angle. The 6-wave deflection is 0*15 millivolt. 
For general conditions see text. Time marker gives 100 q and 20 a. An interval of 1 sec. 
is marked in ink. Stimulus directly pbotograpbed. Observer unsMelded and picking 
up quick oscillations wMcb broaden the contour of the string. 

a small a-wave, a 6-wave with a sharp peak rising to about 0-5 millivolt, 
a much larger c-wave, and a more definite off-effect. It is difficult to 
believe that the human eye is so much more efficiently shunted as to 
account completely for these differences. A more satisfactory explanation 
is provided by the fact that the cat’s curve of retinal action potential 
evoked by a stimulus one hundred times less bright resembles, both in 
shape and sise, the human response of Fig, 1. It is therefore probable 
that the human eye is pitched to a higher level of stimulation and that 
more light is required to produce a given response. The nocturnal habits 
of the cat lend support to this suggestion. The human response is not 
significantly altered by using nose, temporal bone, or forehead instead 
of mouth for the indifferent electrode. 

An alternative possibility, which would explain both idie smallne^ 
of the 6-wave and the long latent period in the human eye, is that the 

, , 13 — 2 ' 
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negative component P III [Granit, 1933] of tlie action potential may 
be larger than in the cat and may hinder the deflection caused by P II. 
The absence of a-wave and of marked off-effect make this suggestion 
unattractive. 

Flicker and retinal potentials. 

Observations with intermittent light were made by Sachs [1929] on 
Ms own eye. The records from his work published byKohlrausch [1931] 
are, however, all responses to continuous stimulation. The disappearance 
of the sensation of flicker is stated to be accompanied by the disappearance 
of ripples in the electrical record. We have tried to determine how closely 
retinal and sensory data could be correlated in this way. It was com- 



Kg. % Retinal action potential of observer R. S. C. Intermittent light at about eight flashes 
a second. Standard conditions. Considerable base-line drift. 


paratively easy (Fig. 2) to confirm the fact that very coarsely flickering 
stimuli give wavy responses. But it was found impossible, owing to the 
smallness of the oscillations and the unsteadiness of the base line, to 
determine accurately the “fusion point” m the records. An obviously 
flickering stimulus would give a tracing indistinguishable from one 
obtained with steady illumination. This does not imply that retinal and 
sensory “fusion” occur at different rates of alternation. Indeed it seems 
certain on other grounds that the retinal frequency cannot be lower than 
the sensory, and there is some reason for believing them to be closely 
related [Creed and 6 r a n i t, 1933]. Our experiences described above only 
indicate that the question whether tMs relation is one of identity cannot 
be solved by this technique. Even with elaborate shielding of the observer 
and increased amplification, it is unlikely that a sufficiently steady base 
line could be obtained. 
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Discussiois^. 

The fact that the peripheral response is similar in tjrpe to the central 
one, but develops less potential, is worth commenting upon. In the 
periphery of the retina rods are nearly twenty times as numerous as 
cones [Chievitz, 1889; Finch am, 1925]. It is therefore safe to assume 
that a much greater number of rods have been stimulated there than in 
the centre, even though the latter area was certainly not rod-free. 

The amount of potential developed may depend upon four factors: 

(i) the sensitivity of the receptor (thus it increases with dark-adaptation), 

(ii) the number of receptors participating in the reaction (studied by 
Graham [1932] in an eye lacking internuncial neurones), (iii) synaptic 
interaction [6 r a nit, 1933], (iv) size of negative wave. If the potential 
were developed in the rods and cones themselves, only the first two of these 
factors would come into play. The high sensitivity of rods as compared 
with cones in the dark-adapted eye would then presumably result in 
larger action potentials from the periphery than from the centre of the 
retina. The reverse, however, is found to be the fact. The available 
evidence, summarized by Granit [1933], indicates that the potential 
is developed in the retinal synapses or neurones, proximal to the rods 
and cones. Thus we are led to consider factor (iii), which at present is 
difficult to evaluate. According to Chievitz [1889] there are about 80 
receptors for each ganglion cell 21° from the fovea, whereas in the fovea 
itself the ratio is 1 :1. Far fewer bipolar and ganglion cells are therefore 
involved in our peripheral than in our central responses, and this may 
account fox the difference observed. We cannot say to what extent 
sensitization of the rods and synaptic interaction may compensate in 
the periphery for a decreased number of nerve cells, but the explanation 
of our findings which has just been outlined is in keeping with other 
evidence as to the site at which retinal action potentials are developed. 
In view of the similarity of form between central and peripheral responses, 
there is unhkely to be any significant difference in the relative sizes of 
P II and P III. 

Summary. 

1. The retinal action potential of the human eye has been recorded 
with a string galvanometer and a directly coupled amplifier under standard 
conditions. 

2. Responses from the periphery of the retina (30° from the fixation 
point) resemble those from the centre in general features, but less potential 
is developed. The significance of this is discussed. 
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3, Eesponses to intermittent illumination at slow rates of alternation 
show corresponding ripples in the electrical record. It is not possible to 
correlate the findings directly with sensory data on fusion frequency. 


We take tMs opportunity of thanking the Rockefeller Foundation for a grant (to R. G.) 
for apparatus, and the Christopher Welch Trustees for a grant (to R. S. C.) towards the 
expenses of photographic material. 
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ALBUMINURIA IN THE NORMAL MALE RAT. 

By MUEIEL E. BELL^ 

{From the Department of Physiology and Biochemistry, 
University College, London,) 

Dtjeing- the course of some feeding experiments an observation was 
made regarding the physiology of the rat to which no more than a passing 
reference in the literature can be found, and which, therefore, seemed 
worth recording. The experiments, the results of which are to be published 
shortly, were designed primarily to test the extent to which the growth- 
retarding effects of diets rich in protein could be overcome by the addition 
of alkali. But also, as it had been reported by Newburgh and Curtis 
[1928], Newburgh and Johnston [1931], Blather wick. Medlar, 
Connolly and Bradshaw [1931], that kidney damage occurred if rats 
were given diets containing a large proportion of protein, it was decided 
to see whether the diets were nephropathogenic. Since, in addition to the 
histological evidence, these authors found increasing albumin and casts, 
the test animals were put into Hopkins cages in order that the urine 
might be tested for albumin. In the experiments in which they observed 
greatest damage the protein given was meat, whereas, for the sake of 
keeping our growth curves comparable with those of former experiments 
from this laboratory, casein was used. 

Experimental. 

The various groups of animals being studied were ingesting diets 
containing normal and supernormal amounts of casein, with and without 
additional alkali. Each group was put into a metabolism cage; the food 
was mixed with water into a thick paste, so that the urine might be 
collected with as little contamination from the food as possible. Eor the 
first few weeks of the experiment it was observed that there was no 
albumin in the urine collected from any of the groups. Later, however, 
each group exhibited albuminuria. This was the case whether the diet 
Wlliaan Gibson 
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contained 20 or 70 p.c. protein, wlietlier alkali to reduce the acidity of tke 
urine had been added or not; it occurred alike with stock rats on stock 
diet as with experimental rats. In order to determine what percentage 
of the animals manifested this albuminuria, they were each put separately 
into the metabolism cages, and were each observed over a period of 
several days. It was noticed that about half the individuals in each group 
excreted albumin. When a fair number had been tested, it became ap¬ 
parent that whereas the urine of females was usually free from albumin, 
the urine of males which had reached maturity invariably contained a 
substance which formed a coagulum on boiling the urine and acidifying 
with a weak solution of acetic acid. The substance did not precipitate with 
acetic acid alone; the application of heat was necessary. Of a total of 
70 rats examined, the 34 bucks were all excreting albumin, 33 females 
gave negative tests, three does showed a small amount, and of these three 
does, two were ingesting normal diets. There was still a positive test in 
the urine of males even when they had been separated from the does for 
several days. There being an obvious sexual factor, some of the specimens 
from males were examined for spermatozoa, which were present in 
several but not all of those investigated. We concluded, therefore, that 
as the source of the protein was apparently not the testes or seminal 
vesicles, it originated from some accessory gland such as the prostate. 

The quantity present was in the vicinity of 0-5-0‘8 g. per litre, as 
measured in an Esbach albuminimeter. No attempt was made to deter¬ 
mine the class to which this coagulable proteiu belonged; it is here called 
albumin’’ simple in the clinical sense. This constituent began to appear 
usually when the rats were 100-120 g. in weight, so that its incidence 
seemed to be connected with the occurrence of puberty. The presence of 
albumin in the urine is less surprising when one realizes that the rat’s 
seminal fluid after ejection gives rise to a spontaneous coagulum known 
as the "'vaginal plug.” 

An attempt to collect samples from the bladder at autopsy did not 
meet with enough success to justify deductions, though the few samples 
obtained did not give the test for albumin. In one rat, however, an 
anomalous structure was noticed—a spiral, gelatinous-looking structure 
near the neck of the bladder; and when this was teased out under the 
microscope, it was found to be a collection of spermatozoa, and the urine 
from the bladder contained sperms. We are at a loss to know what 
anatomical relationships in the genito-urinary system of the rat allow 
of the backward migration of spermatozoa into the bladder. It is possible 
that the relaxation of the sphincter under chloroform allows secretion to 
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pass back, but it does not explain the presence of the well-formed structure 
observed on this one occasion. In another rat, a mass, macroscopically 
similar, was found, but under the microscope it was amorphous. It will 
be realized how readily a stone can be formed in the bladder with such 
a foreign body as a nucleus. 

From the foregoing experimental evidence, we believe that inferences 
as to damage of the kidney cannot reasonably be made from the detec¬ 
tion of albumin in the urine of the mature male rat, unless it exceeds the 
normal amount. The quantity found by Newburgh in the urine of his 
experimental animals varied from 0 to 3*0 p.c. Newburgh and Curtis 
[1928] state that '"the acidified urine from normal animals often becomes 
opalescent or even cloudy on being boiled,’’ but make no distinction 
between urines of males and females. Longwell, Hill and Lewis [1932] 
observed that, in animals which were receiving excessive amounts of 
cystine, “there was at all times a slight albuminuria which.. .was no 
more than is normal for the male rat.” In tables quoted by Donaldson 
[1924], the figures for nitrogen partition in the urine do not imply any 
difference between the urines of the two sexes, and no account is taken 
of protein excretion. 

SUMMABY. 

A protein coagulable by heat is present in the urine of normal male 
rats after they have reached maturity. The amount excreted is about 
0*5--0‘8 g. per litre. 

Grateful appreciation is herewith expressed to the Eoyal Society of Medicine for the 
scholarship which has enabled me to make these observations; to the Medical Research 
Council for decaying cost of materials; and to Prof, J. C. Drummond for helpful advice 
and criticism. 


It has been brought to the notice of the author since this paper was sent for publication 
that similar observations have recently been published by Addis, but up to the time of 
going to press, no copy of the Journal containing his results has been available. 
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THE DIFFUSION OF LACTATE INTO 
AND FROM MUSCLE. 

By S. C.DEVADATTA. 

{From the Department of Physiology^ Edinburgh University.) 

Certain constituents of tlie voluntary muscles of tlie frog are able to 
diffuse out of tlie muscle into a surrounding saline, and can also diffuse 
into tbe muscle if previously dissolved in tlie saKne in a concentration 
sujB&ciently bigh^. There exists in sucli cases a certain concentration of the 
substance in saline wMcb will be in equilibrium with the tissue. This 
critical concentration provides a measure of the concentration of the 
substance in the tissue—or rather in such part of the tissue as is con¬ 
cerned in the diffusion. In the case of creatine this measure of the con¬ 
centration in the tissue was found by Eggleton [1930] to agree with 
values obtained by Dullere [1929] by direct analysis. This indicates that 
the partial osmotic pressure is the factor controlling the direction and 
extent of diffusion. Similar indirect determination of the concentration 
of phosphate in muscles [Stella, 1928] gave results rather lower than 
those obtained by direct analysis; but it must be remembered that direct 
estimations of the phosphate in resting muscles are liable to yield high 
results on account of the breakdown of phosphagen at the moment of 
death. 

The present communication presents experiments leading to the 
conclusion that the concentration of lactate in both resting and fatigued 
muscles can be measured by the indirect ''counter-diffusion’’ method, 
since the values obtained agree well with those in the literature obtained 
by direct analysis. 

Technique. 

The procedure adopted was that used by Eggleton for determining 
the concentration of creatine in muscle. One of a pair of resting gastroc- 
nemii was placed in a Ringer’s solution containing, for example, no lactate, 

^ Concentrations recorded in this paper were measured in mg. per 100 g. of solution; for 
calculation purposes these should be expressed in mg. per 100 g. vater. Eor Ringer’s 
solutions, however, the correction is small, and was neglected. 
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and the other in a solution containing, say, 60 mg. per 100 g. The amount 
of solution used was the same in both cases, about one and a half to two 
times the weight of the muscle. Gentle stirring was maintained by bub¬ 
bling a suitable gas through the solution. Air and nitrogen respectively 
were used for experiments on resting and fatigued muscles, at a constant 
rate in all the cases. The tubes containing the muscle and solution were 
surrounded by ice in a beaker to prevent the formation of lactic acid; all 
the experiments were carried out at 0° 0. Ajffcer 2|- to 3 hours a known 
amount of the solution was analysed for lactate. The concentration of 
lactate in the solutions before diffusion was also determined. As shown 
t>yEggleton, the equilibrium concentration of lactate in the muscle can 
be calculated from the formula: 

. 

G = Equihbrium concentration in mg, per 100 g. 

Lq = Initial concentration m '"high lactate’’ Ringer’s solution. 

Li = Pinal concentration in "high lactate” Ringer’s solution. 

Iq == Initial concentration in "low lactate” Ringer’s solution. 

4 = Pinal concentration in "low lactate” Ringer’s solution. 

According to A. V. Hill [1930] the concentration of sodium chloride 
in a Ringer’s solution isotonic with resting muscle is 0*71 p.c. This 
concentration was employed. Por fatigued muscle 1-2 p.c. of sodium 
chloride in Ringer’s solution was found to be isotonic with muscle. The 
concentration of potassium chloride and calcium chloride were 0*014 and 
0-0125 p.c. respectively. In order to keep the pH of the Ringer’s solution 
at 7*1, a buffer solution of 0-2 molar phosphate contaming 65 p.c. of di- 
sodium hydrogen phosphate and 36 p.c. of sodium dihydrogen phosphate 
was prepared; 20 c.c. of this solution were added to 980 c.c. of Ringer’s 
solution, giving a concentration of 12 mg. phosphorus per 100 c.c. Por 
higher or lower concentrations of lactate, an equivalent amount of sodium 
chloride in the Ringer’s solution was replaced by sodium lactate, so that 
the osmotic pressure of the Ringer’s solution in high or low lactate solu¬ 
tions was the same. 

Sodium lactate at pH 7*1 was prepared by myself. Lactic acid was 
diluted and boiled for 8 hours to convert all lactic anhydride into lactic 
acid. The solution was neutralized with caustic soda to pH 7*1, the indi¬ 
cator (phenol red) being used externally, lest it should have any toxic 
effect on the muscle cells. The diffusion was carried out at 0° C. for three 
hours in -ail cases. - 
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Lactate in tJie solution was estimated by Clausen’s [1922] metliod 
modified by Friedemami, Cotonio and Sfiaffer [1927], but witbout 
aeration [Meyerliof, 1930]. 

Eesting muscle. 

In order to obtain maximum quantities of lactate for estimation, 
muscles of tbe tbigb were cbosen. Tbe frog, previously cooled to 0*^ C., was 
rendered insensible by a blow on tbe bead or by decerebration, and 
sectioned immediately above tbe ibac bones. Tbe abdominal muscles 
and tbe viscera in tbe pelvis were removed, and tbe skin was carefully 
dissected off. Tbe legs were separated without injury to tbe muscles by 
section of tbe os pubis with a razor. 

Table I. Concentration of lactate in resting frog muscle. 

^ ^ Equiii- 

Lactate in mg. per 100 g. brium 




Weight of muscles in g. 

of Binger’s 

solution 

calcu¬ 



A 


( - ^ 

. ^ 

lated (mg. 

Exp. 

Initial 

Einal 

Initial 

Final 

per 100 g.) 

1. 

1 

10-35 

10-35 

0 

7-2 

30 


L 

10-36 

10-35 

71-6 

61-0 


2. 

1 

12-48 

12-49 

0 

6-1 

32 


L 

12-49 

12-50 

67-7 

61-0 


3. 

1 

13-95 

13-96 

0 

5-0 

23 


L 

13-87 

13-87 

67-7 

58-4 


4. 

1 

16-40 

16-40 

0 

3*0 

27 


L 

16-32 

16-35 

71-0 

65*0 


5. 

1 

16-50 

16-51 

0 

7-7 

26 


L 

15-36 

15-35 

79-2 

63-4 


6. 

1 

15-97 

16-02 

0 

7-2 

29 


L 

15-94 

15-97 

37-7 

36-0 


7. 

1 

4*71 

4-65 

0 

6-4 

24 


L 

4-50 

4-57 

37-7 

31-1 


8 . 

1 

4-35 

4-35 

0 

9-9 

17 


L 

4-35 

4-35 

37-7 

26-4 


9 . 

1 

1-36 

1-37 

0 

6-2 

24 


L 

1-39 

1-34 

44-9 

39-7 


10, 

1 

1-83 

1-83 

0 

3-0 

13 


L 

1-84 

1*85 

37-0 

31-5 


11. 

1 

1-22 

1-23 

0 

4-0 

21 


L 

1-23 

1-24 

37-0 

34-0 


12. 

1 

1-45 

1-45 

0 

5-3 

18 


L 

1-25 

1-24 

37-0 

31-6 


13. 

1 

0-98 

0-98 

0 

4-5 

16 


L 

0-99 

0-98 

39-4 

33-3 


14. 

1 

2-60 

2-60 

0 

3-0 

23 


L 

2-65 

2-64 

46-0 

43-0 

15. 

1 

2-84 

2-83 

0 

2-5 

14 


L 

2-90 

2-89 

47-2 

4M 



I, low lactate Binger’s solution; L, Mgb lactate Binger’s solution. Exps. 1-6 were per¬ 
formed on tbigb preparations, Exps, 7-15 were performed on gastrocnemii, or calf pre¬ 
parations. 
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Consistent results of 30 mg. per 100 g. of solution were obtained for 
tlie concentration of lactate in equilibrium with frog muscle. To confirm 
thiSj muscles were placed in a modifiied Ringer-lactate solution containing 
30 mg. lactate per 100 g. of solution, and it was found that the muscles 
were in equilibrium with regard to lactate; the concentration of lactate 
in solution remained constant. This .figure, 30 mg. per 100 g., is twice the 
amount of the accepted figure for resting frog muscle. This was thought to 
be probably due to partial asphyxia of the muscles, or due to the dis¬ 
section of the recti muscles which are attached to the skin; even though 
the injured fibres were cleared away there might be fibrillar contractions 
taking place, giving rise to lactic acid in the muscle. Therefore they were 
abandoned and gastrocnemii, preferably with, their bony attachments, 
were selected; in other cases the second segment of the leg with the 
muscles of the calf were taken. Both these preparations can be made 
without any injury to the muscles concerned. The diffusion technique was 
unaltered. The preparations were reweighed at the end of each experiment 
and found to have neither gained nor lost in weight; therefore the solution 
was isotonic. For equation (1) to be valid, there should be no transference 
of water into or from the muscle. The muscles were stimulated and found 
to be excitable. Prom each tube 2 g. of the solution were taken and 
analysed for lactate. 

An average of the results recorded for Exps. 7-15 show's a concentra¬ 
tion of 20 mg. per 100 g. of solution. From this figure, it is easy to arrive 
at the concentration of lactate in the muscle. Since the muscle contains 
80 p.c. by weight of water the concentration of lactate in the muscle is 
16 mg. per 100 g. muscle. 


Fatigued Muscle. 

In this case the gastrocnemius muscles of the frog were fatigued by 
causing them to contract isometrically. They were dissected out, weighed 
and introduced into the tubes containing modified Ringer-lactate solu¬ 
tions. In order to prevent oxidative recovery the solution was covered 
in the earlier experiments with a layer of liquid paraj05n- The steady 
gentle stirring was maintained by bubbling nitrogen through the solution. 
The use of hquid paraflSn renders it impossible to find if the weight of the 
muscle had remained constant during the experiment; but the muscles 
could be tested to see if they were still excitable. Later on the use of 
liquid paraffin was given up and the tubes were stoppered, after the air 
had been displaced by nitrogen. The weight of the muscles in these cases 
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was noted and found to be constant. At tbe conclusion of the experiments 
the muscles were found to be still excitable. 

Table II. Concentration of lactate in fatigued frog muscle. 

Lactate in mg. per 100 g. 




Weight of muscles in g. 

of Ringer’s 

solution 

Equilibrium 



■ Initial 


,-^ 


calculated 

Exp. 

Pinal 

Initial 

Pinal 

(mg. per 100 g.) 

1. 

1 

— 

— 

0 

22 

232 


L 

— 

— 

512 

487 


2. 

1 

— 

— 

0 

25 

220 


L 

— 

— 

500 

470 


3. 

1 

— 

— 

0 

23 

230 


L 

— 

— 

502 

476 


4. 

1 

1-24 

1-25 

0 

16 

270 


L 

1-25 

1*25 

502 

489 


5. 

1 

1-62 

1*62 

0 

14 

214 


L 

1*64 

1*63 

412 

399 


6. 

1 

1-36 

1*39 

0 

24 

218 


L 

1-37 

1*36 

412 

391 


7, 

1 

0-92 

0*96 

11 

34 

214 


L 

0*90 

0*90 

418 

394 


8. 

1 

1*43 

1*44 

11 

30 

205 


L 

1-50 

1*49 

418 

396 


9. 

1 

1-09 

1*10 

11 

36 

286 


L 

1-09 

1*09 

418 

406 



The average eqmlibrium concentration is 238 mg. per lOOg. of solution, 
THs corresponds to a concentration of 190 mg. of lactate per 100 g. of 
fatigued frog muscle. 

SUMMABY, 

Studies of diffusion of lactate into and out of resting and fatigued frog 
muscles indicate an apparent concentration of lactate in the water of the 
muscle of 20 and 238 mg. per 100 g. respectively. This is in good agree¬ 
ment with the values obtained from direct analyses of such muscles by 
other workers. It follows that all the water of the muscle is available to 
dissolve lactate. 

The expenses of this work were defrayed by a grant from the Moray fund. I am grateful 
to DrP. Eggleton for helpful suggestions. 
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AN ISOLATED MAMMALIAN HEART PREPARATION 
CAPABLE OF PERFORMING WORK FOR 
PROLONGED PERIODS. 

By L de burgh DALY and W. V. THORPE. 

(From the Physiology Department, The University, BmningJiam,) 

In experiments performed to determine how far the lungs influence the 
increased diastolic filling of the heart as a result of a reduction in respira¬ 
tory (intrathoracic) pressure, it was found necessary to replace the lungs 
of a heart-lung preparation by a blood oxygenation apparatus [Daly, 
1927]; for the oxygenator a modified form of the apparatus designed by 
Hooker [1915] and Drinker [1922] was used. In such an isolated heart 
preparation performing work, it was found that the heart quickly became 
hypodynamic in spite of good oxygenation of the blood, the average 
duration of five experiments being only 36 min. (limits 25-60 min.). This 
rapid onset of cardiac failure, as compared with the heart-lung prepara¬ 
tion which lasts at least five hours if not overworked, was also observed 
independently by Verney [1927], and has since been observed by others. 
At that time no attempt was made to investigate the cause of the heart 
failure in the isolated heart preparation, but recently we have carried out 
a number of experiments which have enabled us to maintain the isolated 
heart in good condition for a period of time at least equal to that generally 
obtained with the heart-lung preparation and also have disclosed con¬ 
ditions which may be of interest relative to all perfusion experiments 
performed with defibrinated blood. 

We do not propose to describe in detail the various forms of apparatus 
used in some twenty-four experiments before final success was obtained, 
but will merely mention briefly the cause of our early failures and particu¬ 
larize those experiments which are relevant to the points we wish to 
discuss. 

Methobs. 

In ail oux experiments a Starling's heart-lung preparation was made 
to run on defibrinated blood and then converted to an isolated heart 
preparation perfomling work by some type of 
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Hooker-Drinker blood oxygenating apparatus. In order to do this a 
cannula was inserted into tbe central end of tbe pulmonary artery or into 
its left biancli and tke blood conducted to the oxygenator and finally back 



to the left auricle through a cannula tied into the left auricular appendix. 
The lung roots were then tied off and the lungs removed. Owing to the 
height of the oxygenating apparatus it was necessary to insert a pump to 
lift the blood from the level of the heart to the top of the apparatus, thus 
saving the right heart from having to put out blood at a pressure above 
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tlie norinaL Tke position of the oxygenator relative to the heart was not 
always the same in every experimentj but, whatever the arrangement, the 
oxygenation of the blood from the right heart, at a normal or less than 
normal pulmonary arterial pressure, was always achieved. It is convenient 
at this stage to describe in detail the method finally adopted and later to 
indicate the necessity for taking certain precautions to ensure success. 

In all experiments dogs were used, anaesthetized with 0-1 g. per kg. 
body weight of chloralose injected intravenously after induction with 
chloroform and ether, except in the last two experiments in which the 
heart-lung preparation animal and the dogs from which blood was 
collected were anaesthetized with 0*04 g, per kg. body weight of ‘■’"Nem¬ 
butal” injected intravenously under local anaesthesia without induction 
with chloroform and ether. The blood collected for the experiment is de- 
fibrinated and filtered through a tower of four or five cambric filters and 
then kept at 37-39° C. until ready to be used; it is filtered again just be¬ 
fore use. The cambric filters had a mesh, measured dry, of approximately 
50 X 100 ft. A Starling’s heart-lung preparation is made and arranged 
so that the left ventricle pumps the peripheral systemic blood to a cambric 
filter placed above the oxygenator (Fig. 1). The blood then drains through 
the oxygenator on to a second filter thence to a reservoir which has a 
capacity of 1*5 litres and is placed in a thermostat. A screw clip (a) on the 
rubber tubing is used for adjusting the systemic pressure in the region of 
110 mm. Hg. A cannula with a side tube for taking the left auricular 
pressure is inserted into the left auricular appendix and connected by a 
Y~piece to the reservoir outflow tube, a screw clip (c) being placed tightly 
on the rubber connection. By this arrangement the blood from the reser¬ 
voir may be diverted either to the right or to the left auricle. Pure oxygen 
is then passed through the oxygenator and the rotors set in motion, the 
screw clip (c) being open and screw clip (6) closed so that the blood from 
the reservoir flows into the left auricle and ventricle. Thus, the peripheral 
systemic blood is oxygenated by the oxygenator and only the coronary 
blood by the lungs before it mixes with the reservoir blood in the left 
auricle. Positive pressure artificial respiration is carried out with the 
Starling Ideal respiration pump. This concludes the first stage of the 
operation. 

In the second stage, a cannula with a side tube is inserted centraEy 
into the left pulmonary artery, both lung roots are ligated and the 
lungs removed; the coronary blood which passes out from the left 
pulmonary arterial cannula is collected in the reservoir of a Dale and 
Schuster [1928]p;UmpTegulated,tO'the coronary flow, and conveyed to 
pm/Lxxpc. ' 14 
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the filter above the oxygenator. The side tube of the pulmonary cannula 
is connected to a manometer so that the pulmonary arterial pressure may 
be taken, and a screw clip (d) enables this pressure to be maintained at any 



desired level. By adjustment of the screw clips b and c the total quantity 
and the proportion of blood dealt with by each side of the heart can be 
adjusted at will. Since the blood-pressure of each side of the heart can also 
be adjusted separately, the quantity and type of work performed by each 
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side of tlie heart can be varied as desired. The blood flows are measured 
through the side tubes e and but in a few experiments we recorded 
blood flows with Pitot tubes. When both screw clips h and c are open, the 
blood flow from the left pulmonary artery consists of the amount flowing 
from the reservoir into the right auricle plus the coronary flow. In order 
to measure the coronary flow under these conditions it will be necessary 
to measure the flow from the side tube/and subtract from it the amount 
coming from the reservoir into the right auricle obtained by insertion of 
a flow recorder at 6. Por the purpose of comparing one experiment with 
another the peripheral systemic flow and resistance are kept approxi¬ 
mately constant and the left auricular pressure is taken as the criterion 
of the functional capacity of the heart. Except for a small slit to allow 
of insertion of the left auricular cannula, the pericardium is kept 
intact. 

Our early experiments had indicated the need for not only a larger 
oxygenator but one which would be able to deal with sudden changes in 
flow. Since existing forms of oxygenators at that time were either too 
small or unable to deal satisfactorily with a fluctuating flow it was decided 
to design an oxygenator sufficiently large to deal with flows much greater 
than we anticipated for the present experiments. Fig. 2 is a scale drawing 
of this apparatus which is in effect three Hooker-Drinker oxygenators 
arranged concentrically. The blood is distributed by three jets on to the 
ebonite discs F, G, H and spun out on to the walls of the glass cylinders 
A, B, C respectively. The films of blood flowing down these cylinders are 
oxygenated by oxygen from 15 jets (6 for A, 5 for B and 4 for C) mounted 
in the ebonite base E, A similar number of holes in this base serve as 
blood outlets to the bottom of the bell jar A and hence to the blood 
reservoir by the two glass tubes M, M\ The cylinder D is to prevent 
waste of oxygen in the centre of the apparatus. The oxygen passes into 
the apparatus through the tube O to the jets by way of the distributor L 
(Fig. 3). The tube 0 slips into the tube P mounted in the rubber bungs K, 
The base E and the three cylinders B, C, D can thus be removed from the 
bell jar A by the handle J (Fig, 4). Q is a rubber baffle to prevent any 
blood spray escaping between 0 and P. 

The apparatus is heated by immersing the jar in water at 38° C. in 
the galvanized tank T, the jar being held down by the clamps S. The 
water is heated by three 500-watt electric immersion heaters controlled 
by resistances, and stirred with two propellers not shown. The dimensions 
of the apparatus can he seen from the scale drawing and it should suffice 
to mention that the bell jar A is 18J in. high and 11J in. inside diameter, 

14—2 
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The inner surfaces oi A, B, and C are respectively 650,570 and 490 sq. in., 
i.e. a total surface area of 1710 sq* in. (Tl sq. m.). The apparatus is 
capable of dealing with relath^ely large volumes of blood. While not 
intended to cope with flows much over 600 c.c. per min. a sudden gush 
of blood of even as much as 2500 c.c. per min. could be accommodated 
without overflowing. The volume of blood pooled in the apparatus at a 



Fig. 3. Fig. 4. 

Fig. 3. Distributor of oxygenator. 

Fig. 4. Inner cylinders of oxygenator. 


flow of 660 c.c. per min. is 205 c.c. using cylinders A and B only, 300 c-.-c." 
using all three cylinders and 360 c.c. at 850 c.c. per min. All inet;ai^part 8 
of the apparatus are heavily nickel plated. The apparatus 'wa.^ompletely 
dkmantled and cleaned after each experiment with soap apfi water and 
rinsed with plenty of clean water, and before each experiment the 61 ^ 1^3 
surfaces were treated with cotton wool and spirit. 
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Results. 

Preliminary experiments. 

The technique of our earlier experiments was essentially the same as 
described except that the defibrinated blood was first filtered through 
muslin and then through one cambric filter of 100 x 200^ mesh when 
measured dry, and no filters were inserted above the oxygenator reservoir. 
Our results confirmed those of Daly and Verney in that cardiac failure 
associated with a rise in left auricular pressure occurred early on in the 



Fig. 5. Effect on left auricular pressure of changing from a heart-lung preparation, in which 
only the coronary blood hows through the lungs, to an isolated heart preparation. 
Coarse cambric filters used. 


experiment. In searching for a cause of this failure we tried stopping the 
operation at the end of the first stage so that only the coronary blood 
flowed through the lungs, the peripheral systemic blood passing through 
the oxygenator. It was then found that the left auricular pressure 
remained nearly constant for at least one hour and a quarter, this being 
the longest period tried, but on performing the second stage of the 
operation and switching over to the isolated heart preparation, the 
venous pressure started to rise rapidly. In this series of experiments 
instead of ligating and removing the lungs for the second stage of the 
operation we used gastro-enteiostomy clamps guarded with rubber tubing 
for cutting off the pulmonary circnlationi TMs procedure had the 
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advantage of enabling us to return to the conditions of tbe first stage by 
removing tlie clamps and clipping the rubber tubing on the pulmonary 
arterial cannula. Fig. 5 shows the effect of running the preparation with 
only the coronary blood going through the lungs and then changing over 
to the isolated heart preparation and finally back again to the initial 
conditions. It is clear that changing over to the isolated heart preparation 
rapidly diminished the functional capacity of the heart as evidenced by 
the rise in venous pressure, moreover a return to the initial conditions 
did not restore the efficiency of the heart. In these experiments the blood 
was collected from the right heart by a cannula inserted into the pub 
moiiary artery, and it was thought that this might be responsible for the 
early onset of cardiac failure, but a control experiment in which the 
pulmonary artery was cannulated in the same way, but the blood allowed 
to return to the left auricle through the lungs, lasted 5 hours. We were 
left therefore to seek some other cause of the failure. Owing to the good 
colour of the blood throughout these experiments we felt reasonably 
certain that anoxsemia was not the cause of the rapid rise in venous 
pressure, although at this stage of the investigation no blood oxygen 
determinations were made. 

In the light of these experiments it was natural to speculate as to how 
far the lungs might be responsible for the addition to or removal from the 
blood of one or more substances necessary for the proper functioning of 
the heart. Such a mechanism might be a purely mechanical one, the 
pulmonary vascular bed acting merely as a filter of abnormal blood 
constituents formed during blood defibrination, during blood incubation 
or in its passage through the oxygenator, or again it might be a chemical 
one, and we were at once attracted to the hypothesis that histamine 
addition to or removal from the blood by the lungs might play some part. 
We had in m i n d the investigations of Best, Dale, Dudley and Thorpe 
[1927] which demonstrated the presence of large quantities of histamine 
in the lungs, the significance of which is as yet unknown. Our results, 
however, gave no support to the view that lack of histamine is responsible 
for the hypodynamic condition of the heart. In one experiment 0-05 mg. 
histamine per minute was added to the blood of the isolated hypodynamic 
heart preparation for 14 min., and in a second experiment 0*06 mg. per 
minute for 23 min., without any apparent effect on the heart. The method 
of adding the histamine to the blood by continuous infusion renders it 
difficult to compare our results with those of other workers. In experi¬ 
ments on the heart-lung preparation, Fuhner and Starling [1913] 
obtained marked dilatation of the heart succeeding a transient volume 
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diminution, with a dose of 0-5 mg. histamine injected into the pulmonarj 
artery; Etihl [1929] and Rossler [1930] obtained similar results with 
larger doses (0'5-2*0 mg.); Muller, Salomon and Zuel^ier [1932] found 
no evidence of cardiac damage by the addition of single doses of less than 
04 mg. histamine. Larger doses, 0-5 mg., damaged the fresh heart but 
not the heart which had previously been treated with successive small 
doses of histamine. 



Fig. 6. Isolated perfused heart, (a) The broken lines indicate the events taking place -when 
the blood is filtered through coarse cambric, {h) The continuous lines, the events when 
the blood is filtered through fine cambric. In (ci) the coronary blood flow shows a rapid 
and progressive dimmution. 

The histamine content of the hearts after perfusion or after per¬ 
forming work as a heart-lung preparation or heart-oxygenator preparation 
showed no significant departure from the values obtained from normal 
hearts. 

Isolated perfused heart. 

Attention was then directed to the question of blood filtration. Up to 
this time the blood had been filtered immediately after defibrination 
through one layer of muslin and a layer of cambric having a mesh of 
200 X 100 /X when measured dry. In general it was filtered again through 
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cambric just before use. Using this method of blood filtration we set up 
an isolated heart preparation perfused through the aorta with a Dale and 
Schuster pump. Cannulse were placed in the left ventricle through the 
left auricle, in the central end of the pulmonary artery and in the right 
auricle to enable the coronary blood and any blood finding its way past 
the aortic valves to have a free exit. An oxygenator was used for oxy¬ 
genating the blood. The coronary blood was collected from the right 
auricle and pulmonary artery. The result of one experiment is shown in 
Fig. 6g, and it will be seen that the coronary blood flow at constant 
perfusion pressure gradually diminishedj and a rise in perfusion pressure 
towards the end of the experiment increased the coronary flow only 
temporarily. This is in contradistinction to the heart-lung preparation 
in which the coronary blood flow, if anything, generally increases as the 
experiment progresses if the mean systemic pressure is kept constant. A 
second experiment was equally unsuccessful in warding ofl the cardiac 
failure, so precautions were taken to filter carefully the defibrinated 
blood before and during the perfusion of the heart. The blood was first 
filtered through coarse muslin and then through five cambric filters of 
approximately 50 x 100/x mesh; a similar fine filter was inserted in the 
perfusion circulation. With these precautions it was found that the heart 
beat strongly for over 4 hours, the blood flow showing no evidence of 
diminution (Fig. 6b). Our results emphasize the importance of the 
warnings issued by Brodie [1903] and especially by Anrep and 
Hausler [1928] in relation to coronary blood vessel perfusion regarding 
the necessity of thorough blood filtration in perfusion experiments. It is 
felt that we paid insufficient attention to these warnings, but at the same 
time we would add that, although blood filtration through a coarse 
muslin filter followed by passage through a 100 x 200/x mesh cambric is 
sufficient to enable the heart-lung preparation to perform work for some 
hours, such filtration is not suflS.cient for the isolated heart preparation. 

Isolated heart performing work. 

Having recognized the importance of good blood filtration we returned 
to the experiments on the isolated heart preparation performing work. 
The apparatus already described in detail and the 50 x 100/x cambric filters 
were used. The first two experiments in which operations apparently went 
without a hitch lasted 3 and 1|- hours after switching over to the isolated 
heart from the heart-lung preparation. In spite of the fact that one of the 
preparations lasted 3 hours we were not satisfied with this result. A third 
(Fig. 7) and fourth experiment, however, lasted 6 and hours from the 
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start of the heart-lung preparation, the heart isolated from the lungs 
performing work for 5 and hours respectively; the latter experiment 
was terminated while the heart was still in good condition. There were 
slight differences in the technique in these four experiments, which should 
be mentioned because the third and fourth preparations were in a far 
better physiological condition than the first and second. Chloralose 
injected intravenously preceded by chloroform and ether induction was 



Fig. 7. Bog. 13-0 kg. Isolated .heart-oxygenator preparation. Pericardinm closed. 
B,P. = 107-111 mm. Hg. L.A.p.=leit auricular pressure. =pulmonary arterial 

pressure. i).J5.=defibrinated blood. 


given to the preparation animals of the first and second experiments, and 
the extra blood was collected from animals under chloroform and ether 
anaesthesia. Nembutal injected intravenously under ||)cal anaesthesia was 
administered to all the animals used for the third and fourth experiments 
in the hope that the absence of chloroform during induction would im¬ 
prove the condition of the heart preparation. In the first three experi¬ 
ments defibrinated blood from the thermostat was added from time to 
time to the reservoir to make up any volume loss due to water evaporation 
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or to slight leakages, and in these experiments it was noticed that the 
caml3ric filters became clogged with a gelatinous blood film and had to be 
changed from three to five times in the course of the experiment. The film 
sometimes contained small lumps of what at first sight appeared to be fine 
blood clots, but on examination were found to be friable aggregations of 
material somewhat similar to that forming the film; that the concentrated 
nature of the blood plays some part in the formation of this film is not 
improbable. In the fourth experiment we added all the available blood 
to the reservoir before removing the lungs from the heart-lung prepara¬ 
tion, i.e. before beginning the second stage of the operation. It may be 
significant that in this preparation little or no blocking of the filters took 
place, one filter in each position being sufficient for the whole experiment. 

Oxygen consumption. In twm experiments the oxygen consumption 
of the heart was measured by the method of Barcroft and Dixon 
[1907]. Blood samples from the reservoir, the blood first being stirred, 
and from the outflow tube (/) were taken either immediately before or after 
a measurement of the coronary blood flow. The blood samples (2*0 c.c.) 
were analysed for oxygen in Haldane’s blood gas analysis apparatus by 
Dr J.L. Berry and Dr R. G. MacGregor to whom we wish to express our 
thanks; the analyses were carried out on the same day as the experiment. 
The results are incorporated in the Table. The oxygen capacity of the 


Table. Oxygen consumption of isolated heart performing work 



Time 

from 

start 

Bog 

in the absence of the lungs. 
Heart wt. g. Output L./hour 

B.P. 

mm. 

P.A.p. 

mm. 

Total 

work 

kg.m./ 

Exp. 

hr. min. 

wt. kg. 

dry wet 

L.V. 

H.V. 

Hg 

Hg 

hour 

1 

5 

13-0 

33 187 

20*3 

9*7 

111 

5 

30-0 


4 32 

— 

— — 

13-1 

10-1 

108 

15 

20-5 


5 14 

— 

- -r- 

20-2 

12-2 

107 

12 

30-0 

2 

18 

6-0 

21 93 

15*8 

3*6 

134 

2 

27-7 


4 IS 

— 

— — 

7*6 

4*0 

130 

6 

13-1 


The figures given below are obtained from the same two experiments at corresponding 
time intervals, 

O 2 consumption c.c. 


Time 

from 

Eeservoir blood 
O 2 c.c. p.c, 

A 

Coronary blood 
O 2 c.c. p.c. 

Coro¬ 

nary 


Per g. 
heart 

Per g. 

A 

ht./kg.m. 

hour 

start 

Capa¬ 

Gon- 

Capa¬ 

Con¬ 

c.c./ 

Per 

wetwt./ 

mt 

Dry 

Exp. hr. min. 

city t 

i^ent 

city 

tent 

min. 

hour 

hour 

wt. 

wt. 

1 5 

19-1 

16-3 

19-3 

13*6 

162 

262 

1-4 

0*05 

0-26 

0-52 

4 32 

30'2 

24*8 

31*9 

21*3 

168 

353 

1*9 

0*09 

5 14 

27*1 

23*8 

26*5 

15*3 

204 

1040 

5*6 

0-18 

1*05 

2 18 

18-5 

18*35 

18*5 

8-0 

60 

373 

4-0 

0*15 

0*64 

4 IS 

27*0 

25*5 

27*0 

17*0 

66 

337 

3*6 

0*28 

1*22 


P.A.p.=pulmonary arterial pressure. L.V.=left ventricle. B.V. =rigIit ventricle. 



ISOLATED MAMMALIAN HEART PREPARATION, 211 


second arterial and venous blood sample in eacb experiment shows a large 
increase which is due to blood concentration consequent upon the evapora¬ 
tion of water from the blood on the large surfaces of the oxygenator 
cylinders. In the first experiment a colorimetric determination of the 
haemoglobin percentage of a blood sample taken 4 hours 32 min. from the 
start gave a value of 160. The total amount of circulating blood at this 
time was 1100 c.c. and the amount at the beginning of the experiment 
1850 c.c., the quantity lost therefore being 750 c.c. in 4*5 hours or 167 c.c. 
per hour. Erom these figures the calculated haemoglobin percentage is 168, 
which is in fair agreement with the value obtained from the colorimetric 
determination. Such a rapid rate of water loss from the blood is a serious 
disadvantage of the oxygenator, and no doubt a closed system apparatus 
similar to that designed by Bayliss, Eee and Ogden [1928] would 
overcome this difficulty. Early on in the investigation we attempted to 
use two of their oxygenators in parallel but were not fortunate enough to 
get them working properly without "'spating’’ at varying blood flows, 
although at constant blood flows we found them satisfactory. Nine 
minutes after the second reading of the first experiment (Table) 250 c.c. 
of normal saline were added to the reservoir blood, and this probably 
accounts for the lowered oxygen capacity of the blood at 5 hours 
14 min. 

The oxygen consumption of the isolated heart in the two experiments 
varied from 1*4 to 5-6 c.c. oxygen/g. heart/hour. These values do not 
difl^er widely from those of Evans [1912] who obtained corresponding 
figures for the heart-lung preparation of 3*5-6*0 and for the isolated lungs 
of approximately 0-9 c.c./g. heart/hour; by subtraction the intake of the 
isolated heart being 2-6 to 5*1 c.c. oxygen/g. heart/hour. Details of these 
two experiments are given in the Table, from which it will be seen 
that the oxygen utilization per kg.m. of work increases towards the end of 
an experiment of approximately 4 hours. In view of the fact that we have 
only undertaken the measurement in two experiments and did not adopt 
a method of integration, we do not wish to stress this point. 

In the perfused heart Barcroft and Dixon [1907] give values from 0*6 to 5-0 c.e. 
oxygen/g. heart/hour, McGinty and Miller [1933] 2*4 to 5*7 and Eichholtz and Hilton 
[192.5] 2-2 to 6*0. In the heart-lung preparation Evans and Starling [1913]^ using two 
different methods, give figures varying from 1*1 to 4*3. In the de Barenne [1919, 1921] 
modification of the heart-lung preparation Satani [1931] found an intake of 2*0 to 9*8 and 
Yoshioka [1932] of 1*6 to 6*2. In this connection Evans [1914] and Evans and Matsuoka 
[1915] have shown that the oxygen intake of the isolated heart is not only determined by 
the quantity hut also by the quality of work performed. 

In the isolated perfused heart the organ is doing little or no external work, and in the 
de Bar enne preparation only the left side of the heart performs work. In our oto prepara- 
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tion, as we iiare used it, the left side of the heart is delivering blood at the normal blood- 
pressure, whereas the right side only puts out the coronary blood flow at less than the 
normal pulmonary arterial pressure; finally, in the Starling heart-lung preparation and the 
heart in sitn both sides of the heart, carry out the normal amount of -work. 

In order to be able to compare tbe oxygen consumption of different 
Iieart preparations we bave calculated the oxygen consumption in c,c./g. 
heart dry wt./kg.m./liour. At the end of a long experiment the heart 
capillaries are congested with blood and the muscle may be oedematous 
with a consequent increase in its weight, and this may be a source of 
error when comparing the weights of different hearts. To obtain the dry 
weight the aorta and pulmonary artery are removed close to their origin 
from the ventricles and the heart cavities are freed from blood by washing 
after opening all chambers of the heart. The organ is freed from water 
by draining and weighed, giving the wet weight, and then minced and 
dried to constant weight at 100° C. In two normal animals the ratio of dry 
to wet weight of the hearts was 1 : 3*5 and 1 : 4*0, and the hearts of 
Exps. 1 and 2 (Table I) 1 : 5*7 and 1 : 4*4 respectively. The external work 
of the heart was calculated by the formula of Evans [1918] although the 
velocity factor is hardly significant in our experiments. 

The coromry blood flow. When the screw clip h is closed and the reser¬ 
voir blood feeds the heart through the left auricle only, the total coronary 
blood is measured from the side tube/. Anrep [1926] considers 40- 
60 c.c./g. heart/hour to represent the average magnitude of the coronary 
circulation at a blood-pressure of 100-110 mm. Hg, The blood-pressure 
in some of our experiments has been somewhat higher than this, but the 
coronary flow has been within or only just outside the limits given by 
Anrep. 

In two experiments we determined the influence of the addition of 
“fresh” defibrinated blood to the reservoir. By “fresh” defibxinated we 
mean blood which had been incubated at 37-39° C. for 3-7 hours and had 
not circulated through the heart-lung preparation: Eichholtz and 
Hilton [1925] used the term in this sense. No obvious permanent effect 
on the coronary circulation was observed (Pig. 7), although a transient 
one might not have been revealed by our methods of measurement. This 
confirms the findings of Eichholtz and Hilton on the heart-lung 
preparation; these workers replaced nearly all the reservoir blood with 
“fresh” defibrinated blood, whereas we added 200-260 c.c. of “fresh” 
blood to 500-1000 c.c. of circulating blood so that the “fresh” blood 
concentration in our experiments was smaller than in theirs. 

Heart mlume. In the heart preparations which lasted for longer than 
4 hours it was surprising to find that the heart showed no dilatation 
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except quite at the end of the experiment. In the two experiments given 
in the Table, the pericardium remained intact except for a slit to allow of 
the insertion of the left auricular cannula, yet after 4 hours in each 
experiment the pericardium appeared to be quite slack and the heart small 
and hard. In view of the loss of efficiency at this stage as compared with 
the beginning of the experiment it was expected that the heart would be 
dilated. S.ince pure oxygen was passed through the oxygenator the small 
size of the heart was probably due to the acapnic condition of the blood 
[Jerusalem and Starling, 1910]. Insulin, which abolishes the progres¬ 
sive dilatation of the heart in the heart-lung preparation [Muller and 
Visscher, 1927], and glucose which has the same effect [Bayliss, 
Miiller and Starling, 1928] were not added to the blood. At first sight 
it would appear that the increased oxygen consumption of the heart 
(Table) without an increase in diastolic volume is against the findings of 
Starling and Visscher [1927] and Bee and Hemingway [1927]. But 
Starling and Visscher expressly state that the oxygen consumption of 
the isolated heart {i.e. heart-lung preparation) maintained under constant 
chemical and temperature conditions is determined by its diastolic 
volume. They were able to maintain constant the chemical conditions 
during the relatively short period of time taken by their observations, 
whereas in our long experiments, the chemical condition of the blood at 
the end of the experiment probably differs markedly from that at the 
beginning. The absence of the Ixmgs may possibly play some part in the 
phenomenon. 

Discussion. 

During the investigation we had to perform a number of control 
experiments in order to eliminate various possible causes of early cardiac 
failure. These experiments showed that the following factors produced no 
detectable alteration in the performance of the isolated heart beating on 
well-filtered blood over a period of 6 hours as compared with that of the 
heart-lung preparation: (a) the removal of any nervous control arising in 
the lungs, (6) the absence of substances formed by the lungs and necessary 
for the normal contractile processes of the heart, and (c) loss of water 
from the blood due to evaporation in the oxygenator [Daly and Thorpe, 
1933]. 

Our experiments, however, indicated the necessity for good blood 
filtration and we attach importance to two main findings, the first, that 
an isolated heart preparation, performing work and running on fresh*’ 
defibrmated blood added to the reservoir after the preparation is made, 
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has not lasted longer than 1 hour unless the blood was well filtered before^ 
aB,d during the experiment, and the second, that in all su,cli socc'.csslul 
preparations the cambric filters became clogged with a gehitinous film. 
We find, therefore, that fine cambric filters are as effeci^ive iis tlii^ lungs in 
preventing the early onset of cardiac failure in heart prepairations pm‘tor!iw 
ing work and running on ^4‘resh” defibrinated blood. To account for tliis 
phenomenon two hypotheses are put forward. The first, tliat the ca;ml)ric 
filters ill the heart-oxygenator preparation and the lungs in the hea.rt“lui:ig 
preparation are acting as simple mechanical filters of normal or ahiiornial 
blood constituents, which if allowed to enter the circulation graduaily 
lead to occlusion of the coronary blood vessels. By abnormal constitiamts 
we mean those formed hy changes in the defibrinated blood giving rise 
to a gelatinous material containing very small clots, line shreds of iibrin 
or masses of blood corpuscles clumped together. Tlie second hypothesis 
assumes the presence in the blood of substances responsible for the early 
onset of cardiac failure which are formed when the blood is defibrinated 
or when in the thermostat or in the artificial circulation, these being 
removed by the lungs in the heart-lung preparation and by the cambric 
filters, e,g, by adsorption, in the heart-oxygenator "preparation. In tliis 
connection, the work of Zipf [1931] and others has demonstrated such 
a possibility. Our experiments do not enable us to decide whether one or 
both of these hypotheses are correct; both appear to satisfy tlie experi¬ 
mental findings. It may be that the postulated blood constituents or the 
substances of the second hypothesis are only formed in the oxygena-tor. 
Nevertheless, the lungs seem able to deal with such substances since in a 
heart-lung-oxygenator preparation without special filtration tliere was no 
early onset of cardiac failure. 

The premiss that the lungs or cambric filters may removi^, Bubstanccs 
from the blood which are responsible for the appearance of early (‘Jirdia.c 
failure leads to a speculation as to their nattiro, aiKbattentioii was natur¬ 
ally attracted to the possibility that the vaso-tonins were rcBponsiiile-. 
It has been shown by Eichholtz and Varney [1924], Hemingway 
[1931] and Bayliss and Ogden [1933] that these substanccvs cause 
constriction of the vascular system in the perfused kidney. ISichiiolt;^ 
and Hilton [1925], however, could obtain no evidence that ^^ fresh 
defibrinated blood had any efiect on the coronary flow in the heart-lung 
preparation; in their experiments the ^Hresh^’ blood had to pass once 
through the lungs before reaching the coronary vessels and there is the 
possibility that the vaso-tonins might have been destroyed even in this 
short time [see Eichholtz and Verney, 1924], As mentioned previously 
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our own observations confirm tbose of Eichlioltz and Hilton in the 
lieart-oxygeuator preparation with blood filtered through fine cambric. 
It would a])|)(‘ar, tliereforo, that if the early onset of cardiac failure in the 
JieaKr1r()xyg(ui.a.t()r prepaaiition running on poorly filtered blood is due to 
tlie pr(‘S(‘,nc('. of vaso-toniiis, they are removed by the insertion of fine 
cambric liltcrs. ifor perfusion of the coronary vessels, Anrep and 
Jlaiisler [1928] found it necessary to circulate the blood in the heart- 
lung preparatioir for about half an hour, otherwise the defibrinated blood 
caused vigorous and protracted vaso-constriction. In all our experiments, 
except one, only about half the total blood finally used circulated through 
the heart-lung preparation before switching over to the isolated heart 
circuit, the other half was then added to the reservoir. Under these 
conditions we observed no significant coronary vaso-constriction (Fig. 7) 
provided fine cambric filters were used. In the excepted experiment all 
the blood eventually used for the heart-oxygenator preparation was 
circulated through the heart-lung preparation and in this case little or no 
clogging of the filters occurred, but we hesitate to lay stress upon this 
observation in a single experiment. It is not improbable that the 
formation of the gelatinous film on the filters may in part be determined 
by the biological properties of the bloods obtained from the two or three 
animals used and their effect upon one another when mixed together. It 
may be said that our observations taken in conjunction with those of 
Anrep and Hausler suggest that the insertion of cambric filters in the 
isolated heart preparation, to which “fresh’’ defibrinated blood is added 
from time to time, obviates the necessity of circulating the “fresh” blood 
through a heart-lung preparation. 

It is interesting to note that the insertion of a fine cambric filter in a 
pump-oxygenator-kidney circuit does not result in an elevation of the 
blood flow to the level usually foiitid in pump-lung-kidney preparations 
[Bayliss and Ogden, 1988], the presumption being that the filter does 
not remove the vaso-tonins. This observation suggests that the vaso- 
tonins which act upon renal blood vessels may be circulating in the 
blood of our heart-oxygenator preparations and that if there is any truth 
in our second hypothesis, the renal vaso-tonins and the substances re¬ 
sponsible for early cardiac failure are not identicaL 

The term “detoxicated” defibrinated blood has been used for blood 
which has been passed through the lungs and thereby lost its vaso¬ 
constrictor properties, and we have seen there is abundant evidence that 
such a process occurs when the blood is tested on the isolated perfused 
kidney. That this mechanism of “detoxication” may prevent the onset 
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of early cardiac failure in the heart-oxygenator preparation is not denied 
but it has yet to be proved. Moreover, our observations raise the question 
as to the possibility of an additional mechanism being involved in th.e so- 
called ''detoxication’’ of blood, namely one of mechanical filtration of 
particulate material in the blood. 

Summary. 

1. An isolated mammalian heart-oxygenator preparation, in which 
the quantity and quality of work performed by each side of the heart can 
be varied at will, is described. 

2. Early cardiac failure occurs in the heart-oxygenator preparation 
running on "fresh” defibrinated blood unless the blood is filtered through 
fine cambric filters before use and during circulation. Possible causes of 
this failure are discussed. 

Tlie expenses of this research were in part defrayed by a grant to one of tis (I. de B. I).) 
from the Government Grants Committee of the Royal Society to whom we express our 
thanks. 
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THE INFLUENCE OF THE PARATHYROID ON THE 
METABOLISM OF CREATINE AND PHOSPHORIC ACID. 

By C. G. IMRIE and CONSTANCE N. JENKINSON, 

[From the Departmmt of Physiology, The University, Sheffield) 

Theee are reasons for associating the parathyroid glands with the 
metabolism of creatine phosphate in the mxiscles. It has been observed 
that the rate of resynthesis of creatine phosphate after stimulation of the 
muscles of thyroparathyroidectomized cats which have developed tetany 
is very much slower than in normal ones; also that the rate of this re¬ 
synthesis in thyroparathyroidectomized cats which have recovered from 
tetany following the administration of parathormone, is similar to that 
observed in normal animals [Imrie and Jenkinson, 1932], These ob¬ 
servations, however, have been based on a comparison of results obtained 
from groups of animals. They would be more convincing if the effect of 
the parathormone could be demonstrated in the same animal. 

Collip, Clark and Scott [1926] observed that the rise in serum 
calcium which follows the administration of parathormone reaches a 
maximum in 5-9 hours. It is conceivable therefore that the influence of 
this hormone on the creatine phosphate might be detectable within this 
limit of time. Accordingly some experiments have been carried out in 
order to test this hypothesis. In these, the rate of resynthesis of creatine 
phosphate after stimulation of the muscles was observed in one limb of a 
cat and several hours later similar observations were made on another 
limb. In some instances parathormone was given intravenously imme¬ 
diately after the muscles of the first limb were removed for analysis. If 
the hormone exerted any influence on the creatine phosphate within the 
time limits of the experiment, it should be apparent in the values obtained 
in the muscles of the second limb studied several hours later. 

Experimental procedure. 

Young cats were used. Thyroparathyroidectomy was performed under 
ether anaesthesia. The animals were permitted to recover and, after the 
symptoms of tetany were well-marked, the experiments were carried out. 
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A:n.{:eBthcisia was induced with ether and maintained with cliloralose. 
Irn!rM.Hli{i,tely a,ftei* the induction of ansestliesia the crural and sciatic 
nerves of one lundlimb were cut and the animal left for an hour to recover 
from tlu3 <dha.*<t of tlve (ddier and from changes in th(5 creatine phosphate 
whicjli might a,ris(‘. from, the muscular movements associated with t,he 
i,ndui‘.tion of ana'stlu^si.a. A portion of muscle was removed for examina¬ 
tion 51:11(1 tlien tlie periplieral ends of the divided nerves were faradized 
for 10 min. 'llhe two electrodes employed were attached to the same 
induction coil. Analyses of tlui muscles were made at 16 or 20 min. 
intervals for an hour. Several hours later this procedure was repeated on 
the other hindlirnl). The animals were kept under the influence of chlora- 
lose througiiout the whole period. In some instances intravenous injections 
of parathormone yvem given immediately after the examination of the first 
limb was completed, in others no parathormone was given. The Eggle- 
tons’ method [1929] for the phosphates was followed throughout except 
that the muscles wore immersed in licjuid air immediately after removal. 
It was found that the cat’s muscle pulverized more readily when this 
procedure was adopted. 


Resut.ts. 

In Table I are set out figures for the creatine phosphate in the muscles 
of two thyroparathyroidectomized cats before and after stimulation. The 
corresponding graphs are shown in Fig. 1. The rates of resynthesis of 

1. Creatino phosphate in the muscles of the hindlimbs of thyroparatliyroidecto- 
mized eats before and after stimulation. The muscles of on© limb were examined 
several hours after the other, Figures express creatine phosphate as mg. phosphorus 
per 100 g. muscle. 


Ikvforo 

stimu- 


ISxp. 1 

iation 

Zm'o 

15 min- 

30 min. 

45 min. 

60 min. 

1st limb 

42-5 

19*9 

22*2 

25*0 

28*9 

33*9 

2nd limb 

6 hours later 

40*6 

17*6 

20*0 

22*2 

25*8 

28*9 

JDxp. 2 



20 min. 

40 min. 

60 min. 


1st limb' 

43*5 

17*5 

21*6 

23*6 

27*5 


2nd limb 

45*4 

16*9 

20*4 

22*3 

26*6 



4 hours later 


creatine phosphate axe strikingly similar in the separate limbs of each 
animal. The initial values for the creatine phosphate are lower and the 
rate of resynthesis after stimulation is much slower than that observed in 
normal eats [Imrie and Jenkinson, 1932]. 

16—2 
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If, however, parathormone is injected intravenously immediately 
after the muscles of the first limb have been removed for examination and 
observations on the second limb are made 4—7 hours later, tlie. rate of 
resynthesis of the creatine phosphate after stimulation is more rapid tliau 
it was in the first limb where no parathormone had been given. The 



J’ig. 1. Creatine phosphate in the muscles of thyroparathyroidoctomizod cats before and 
after stimulation. A, right hindliiUb; i?, left hindlimb; 0, oreatino phosphate in 
the muscles of a normal cat, similarly stimulated. Ordinates, mg. phosphorus in the 
form of creatine phosphate per 100 g. muscle; abscissic, time: B.S., before stimulation; 
0, immediately after stimulation. 

results of four such experiments are included in Table II, and for one 
experiment are expressed graphically in Fig. 2. In each instance, though 
the initial values for the creatine phosphate have remained unaltered, the 
rate of the resynthesis of the creatine phosphate is more rapid after the 
parathormone has been given; in fact it resembles that observed in normal 
animals. 

On two occasions, Bxps. 7 and 8, creatine in amounts correspondiug 
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to 200 mg. per kg. body weight was injected intravenously as well as the 
paratliormone, after the muscles of the first limb had been removed for 
examination. The results are given in Table II. 

Tabivr II. Orcatino phoBphato in tho irmiscles of the hindlimbs of thyxoparathyroidecto- 
eats before and after stimulation. Immediately after the muscles of one limb 
wore removed for examination .10 units of parathormone were injected intravenously 
and several hours later the muscles of the other limb were studied. In Exps. 7 and 8 
creatine in amounts corresponding to 200 mg. per hg. body weight were injected along 
with the parathormone. Figures express creatine phosphate as mg. phosphorus per 
100 g, muscle. 

Before 

Exp. stimu- 


No. 


lation 

Zero 

15 min. 

30 min. 

45 min. 

60 min. 

3 

1st limb 

53*8 

29*4 

32*7 

37-0 

37*6 

38*8 


2nd limb 

6j| hours later 

55*5 

25-5 

34-4 

40*6 

42*4 

50*5 

4 

1st limb 

47*8 

250 

31*2 

32-1 

34*4 

38*6 


2nd limb 

49*0 

24*5 

36*1 

390 

43*4 

47*5 


7 houi's later 



20 min. 

40 min. 

60 min. 


5 

1st limb 

47-1 

19*4 

24*4 

25*2 

35*4 



2nd limb 

5J hours later 

51-5 

17*6 

37*0 

37*6 

49*4 


6 

1st limb 

49-8 

18*8 

21*6 

27*6 

28*0 



2nd limb 

5 hours later 

50-2 

18*8 

27*4 

34*4 

45*5 


7 

1st limb 

43-2 

21*2 

24*4 

32*3 

35*5 



2nd limb 

6 hours later 

46*8 

21*5 

32*7 

37*2 

50*0 


8 

1st limb 

54*6 

30-3 

40*4 

47*3 

53*5 



2nd limb 

60-0 

32-2 

39*1 

58*4 

63-0 



5^ hours later 


It is to be seen that the initial values for the creatine phosphate are 
slightly higher in the second limb than in the first. The curves of resyn¬ 
thesis of the creatine phosphate are similar to those obtained in oats which 
had received parathormone alone, except that in both instances the 
concentration of creatine phosphate in the muscles removed at the end 
of the hour was higher than it was before the muscles were stimulated. 
In Exp. 8 it is to be noted that the values for the creatine phosphate before 
and after stimulation of the muscles of the first limb are practically 
normal. This cat had its thyroids and parathyroids removed 2 days 
previously, but tetany was not well-marked and there was no dyspnoea 
at the time the experiment was begun. Nevertheless, the difference in the 
rate of resynthesis of the creatine phosphate after creatine and para¬ 
thormone had been given is quite marked, and the final value for the 
creatine phosphate was higher than the initial one. 
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A few experiments of a different nature liave been carried out in 
order to observe the creatine phosphate before and after stiiiiiilatioii in 
the muscles of normal cats which have been given creatine in, the J'ood. 
with or without injections of parathormone for several days b(.v:(:ore tlic 



rig. 2. Creatine phosphate in the muscles of thyroparathyroidectomized cats before and 
after stimulation. Parathormone injected intravenously after the muscles of the first 
hindlimh were removed for examination: the muscles of the second hindlimb were 
studied several hours later. A, right hindlimb before parathormone; B, left hind- 
limb after parathormone. Ordinates, mg. phosphorus as creatine phosphate per 100 g. 
muscle; abscissae, time: E.S., before stimulation; 0, immediately after stimulation. 


Table III. Oeatine phosphate in the muscles of normal cats before and after stimulation. 
In Exps. 9 and 10, 5 g. of creatine were given daily for several days before the observe,- 
tions were made. In Exps. 11,12 and 12, in addition to the creatine, parathormone in 
doses of 10 units was given subcutaneously as indicated. Figures express creatine 
phosphate as mg, phosphorus per 100 g. muscle. 


Bays of Before 


Exp- 

treat¬ 

stimu¬ 





No. 

ment 

lation 

Zero 

20 min. 

40 min. 

60 min. 

9 

9 

62-0 

17*7 

38-3 

46-7 

62-4 

10 

7 

59*5 

17*5 

28-9 

43-0 

58-1 

11 

9 

68*2 

22*0 

34*8 

40*8 

55*4 

12 

8 

69-0 

17-3 

33-4 

494 

62*0 

13 

3 

*A 72-0 

39-2 

50-0 

594 

55*0 



^B 71-4 

35*3 

49‘7 

58-5 

67*5 


^ In this experiment the muscles of both hindlimbs were examined, B 4i hours after A . 
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observations were made. It is known that the creatine content of cat’s 
muscle may be incT.‘cased by feeding creatine [Folin and Denis, 1912]^ 
and that the creatine phosphate may also be increased when creatine is 
injected into cats which have received parathormone previously. In 



Fig. 3. Creatino phosphates in the niusclos of a normal cat which had received 5 g. 
creatine 4-10 units of parathormone for 3 days. /I, right limb; B, left limb 4J hours 
later. Ordinates, mg. phosphorus in the form of creatine phosphate per 100 g. muscle; 
abscissas, time: B.S., before stimulation; 0, immediately after stimulation. 


Table III are set out the results obtained in two experiments, JSTos. 9 and 10, 
where creatine alone was given in daily doses of 6 g. for 7 and 9 days 
respectively. The initial values for the creatine phosphate and the rate 
of its resynthesis after stimulation of the muscle correspond to the average 
values shown in our former paper. 
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Ill tliree instances (Exps. 11, 12 and 13), where creatine in similar 
amounts was given along with daily doses of 10 units of parathormone, 
the initial values for the creatine phosphates arc alcove the- iiomial in 
every instance. After stimulation the creatine pliospluite falls as in tlie 
normal animal and does not return to the original liigli level within the 
hour but reaches a value similar to that observed in tlic normal iintrcijitiiKl 
animal. In one experiment, No. 13, where both creatine andparathorinone 
were given, the muscles of one limb "were examined 4 J hours after the otlwjr. 
The values for the creatine phosphate follow each other closely. Tlie 
initial values are higher than the normal average: the values found 
immediately after stimulation are not so low as in the other experiments 
and at the end of an hour they liave not returned to the original high level, 
but as in Exps. 11 and 12 reach a figure observed in the normal untreated 
animal. 

In all the experiments described in this paper the orthophosphates as 
well as the other forms of phosphorus were determined. The orthophos¬ 
phates showed reciprocal changes to the creatine phosphate. This was 
observed in other experiments described in a former paper. 

Conclusions. 

The results of the experiments described in this paper confirm those 
which have been published previously. They show that in thyropara- 
thyroidectomized cats the concentration of creatine phosphate in the 
muscles is lower than in normal ones; also that the rate of resynthesis of 
creatine phosphate following stimulation of the muscles is much slower 
in the former than in the latter animals. They also show (Jitite clearly that 
following the administration of parathormone to thyroparathyroidecto- 
miz:ed cats the resynthesis of creatine phosphate after its concentration 
in the muscle has been lowered by stimulation takes place at a rate 
similar to that observed in normal animals. This has been demonstrated 
in the same animal in the course of individual experiments and is there¬ 
fore more convincing than the results published previously which were 
obtained in groups of animals. It has also been shown that this effect of 
the parathormone is manifest within at least 5 hours of its administration 
intravenously. 

Where creatine is administered along with parathormone in feeding 
experiments for some days or in acute experiments there appears to be 
a definite effect upon the initial values of the creatine phosphate in the 
muscles and the rate of its resynthesis after stimulation. 
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THE EXCRETION OF PROLAN AFTER INTRAVENOUS 

INJECTION INTO THE RABBIT. 

By A. S. PARKES 
{Foulerton Student of the Royal Society) 

AND W. E. WHITE 

{Gutting Travelling Fellow^ Columbia University). 

{From the National Institute for Medical Research^ London.) 

1. Introduction. 

The abundance of ovary-stimulating substance {'^ Prolan in the urine of 
pregnant women suggests that it is easily excreted, and also, unless it 
is present in the circulation in enormous quantities, that an appreciable 
proportion may be removed in this way. By contrast, the apparent 
absence of the substance from the urine of most lower mammals at all 
times of the oestrous cycle is remarkable, but little experimental work 
seems to have been carried out on the possibilities of excretion of the 
hormone by animals such as the rabbit. Smith and Moore [1933] were 
unable to demonstrate that any appreciable amount of the thyroid- 
stimulating hormone present in anterior lobe extract was excreted by 
guinea-pigs after subcutaneous injection. Snyder and Wislocki [1931] 
injected three rabbits with human urine of pregnancy, and subsequently 
tested the rabbit urine on other rabbits. Ovulation was obtained in one 
test animal. The present paper deals with more extensive experiments on 
these lines, carried out by a different technique and with a prolan extract 
of known potency. 

11. Technique. 

Prolan ^preparation. The same preparation of prolan was used through¬ 
out the experiments. It was stored as a dry powder at about — 2"^ 0., 
other experiments having shown it to be indefinitely stable under these 
conditions. Appropriate amounts of the powder were made up into fresh 
aqueous solutions for each experiment. The potency of the extract had 
previously been determined by injection into groups of at least 20 normal 
oestrous rabbits. 10 mg. per rabbit caused ovulation in 98 p.c., while 
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5 mg. gave tlie effect in just over 60 p.c. 10 mg. has therefore been 
considered as the amount required to cause ovulation with comparative 
certainty. 

Collection of urine. Since the time over which the urine had to be 
collected was comparatively short, it was possible to avoid the use of 
metabolism cages and thus to obtain the urine fresh and uncontaminated. 
Our technique was to open the abdomen under anaesthesia, empty the 
bladder, ligate the urethra, inject intravenously and, after the required 
time, to kill the animal, remove the bladder whole and drain into a 
measuring cylinder. Males and females were used for the excretion tests, 
but all animals were gonadectomized before injection. 

Preparation of rabbit urine for injection. Since we aimed at using the 
whole of the urine collected from each injected rabbit some process of 
purification was necessary, but at the same time it was highly desirable 
to avoid loss of the hormone. Our technique was therefore to make up the 
urine to 80 p.c. alcohol by the addition of absolute alcohol, and to centri¬ 
fuge off the precipitate and take it up in water. Even so, the resulting 
extract was found to be highly toxic unless other precautions were 
observed. All the urine extracts made from three rabbits injected soon 
after feeding killed the respective test animals. On the other hand, to 
secure adequate excretion during the experiment, it was necessary to give 
water after injection if food had previously been withheld^. One prepara¬ 
tion made from a rabbit given only water on the day of the experiment 
was tolerated easily by the test animal. To avoid giving water to drink 
and to standardize the intake, our regular technique has been to give 
100 c.c. saline intravenously at the time when the prolan was injected. 
By this means the total volume of urine excreted by the rabbit during the 
experiment, though very variable (20-80 c.c.), was kept about normal. We 
have no reason to suppose that the injection of saline altered the con¬ 
ditions of excretion of the hormone, and the one rabbit not given saline 
produced active urine. 

Test animals. The rabbit urine extracts were tested by injection into 
mstrous rabbits; laparotomy was performed next day to ascertain whether 
ovulation had been induced. 

III. ExpEBIMENTAL BEStrUTS. 

The amounts of prolan given to the rabbits were 30 mg. (3 exps.), 
50 mg. (4 exps.) and 100 mg. (7 exps.), or about three, five and ten times 
the amount required to produce ovulation with certainty in an cnstrous 
^ Witli a large ration of green stuff, water is not necessary in keeping rabbits. 
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animal. After prolan injection, urine was collected for times up to 9 lioiirs, 
two samples (0-3 and 3-9 liours) being taken from one animal (EriJ,). 
Even with, the precautions mentioned above, collection for more tha.ii 
9 hours produced highly toxic samples. The experiments are siioimarizc^ci 
in Table I, which also gives the results of the tests on the rat,)t)ii) urine. 


Table I. Excretion of prolan by the rabbit. 


No. of exp. 

Amount of 
prolan powder 
given (mg.) 

Time urine 
collected 
after in¬ 
jection 
(hours) 

Proportion of 
urine extract 
given to test 
animal 

J.iesult of test 

EP 1 

30 

7 

All 

Negative 

16 

30 

9 

All 

Positive 

17 

30 

9 

All 

Negative 

2 

50 

7 

All 

Negative 

12 

50 

6 

All 

Negative 

13 

50 

9 

All 

Positive 

21 

50 

9 

All 

Positive 

3 

100 

5 

All 

Positive 

4 

100 

5 

All 

Negative 

6 

100 

5i 

All 

Positive 

11 

100 

3 

All 

Positive 

11 

100 

3-9 

All 

Positive 

5 

100 

9 

All 

Positive 

18 

100 

9 

1/4 

Positive 

18 

100 

9 

1/2 

Positive 

15 

100 

9 

1/4 

Negative 


These results suggest the following considerations: 

{a) Of two animals receiving 30 mg. {i.e. three ovulation doses), one 
gave active urine 9 hours later, so that rather less than one-third of the 
hormone appears to have been excreted during this time and recovered. 

(6) Of the two tests on one-quarter of the urine obtained 9 hours after 
the injection of 100 mg. (i.e* ten ovulation doses), one was positive and the 
other negative. In other experiments, injection of all the urine and also 
of one-half of the urine collected 9 hours after injection of 100 mg. 
produced positive reactions. 

These results again suggest that about one-third or less of the material 
is excreted in 9 hours. It would thus appear that the blood threshold, if 
any, which the hormone must attain before excretion can begin is 
comparatively low. 

{c) The results suggest, though they do not prove, that excretion 
continues up to 9 hours. Thus, in both the 30 mg. and 50 mg. group, the 
urine appears to be more active after 9 hours than after 6 or 7 hours. 
Further, after the administration of 100 mg., active urine was obtained 
during the first 3 hours and also between 3 and 9 hours. 
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We have not determined what happens to the two-thirds of the 
hormone unaccounted for in the above results. Presumably some de¬ 
struction takes place in the blood, and also excretion may well continue 
after 9 hours. Our results, however, do show that, given enough prolan 
in the blood, the kidneys of the rabbit can. excrete sufficient in under 
3 hours to cause ovulation in an oestrous rabbit, i.e. about 4 units per day 
per kg. body weight. 

A pregnant woman excretes 500-1000 rabbit units of prolan per day, 
or roughly 10 units per day per kg. The amount which can be excreted by 
a rabbit is therefore of the same order as that which actually is excreted 
by a woman. It may thus be concluded that the failure of the pregnant 
rabbit to excrete prolan is due not to inability on the part of the kidneys, 
but more probably to lack of the hormone in the blood. 

IV. Summary. 

1. Prolan was injected intravenously into gonadectomized rabbits. 
About one-third of the hormone given was recovered from the urine 
within 9 hours. The amount excreted by these rabbits was of the same 
order (per kg. body weight) as the output of the pregnant woman. 

2. The kidneys of the rabbit are, therefore, able to excrete appreciable 
quantities of the hormone, and their failure to do so during pregnancy is 
presumably due to lack of the substance in the blood. 
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THE EXTRA-UTERINE SURVIVAL OF SPERMATOZOA, 
By WILLIAM E. WHITER. 

{From the National Institute for Medical Research^ Lo^ulon.) 

While spermatozoa live ia the epididymis of the male rat for about 42 days 
[Moore, 1928; White, 1932], their life is a matter of hours when they are 
introduced into the female genital tract. There are two main factors 
causing this shortened life—the violent activity which sperm display 
when dispersed in the accessory secretions of the male and the increased 
temperature to which they are subjected in the female. The question 
arises as to whether the uterus is the most favourable environment in the 
female for sperm survival or whether in addition to the two first men¬ 
tioned factors the uterus itself exerts deleterious effects. Although K u g o t a 
[1929] reported that the uterine secretions of the rat during oestrus had a 
beneficial effect on sperm survival in vitro, to test this point adequately 
it is necessary to confine sperm in another cavity where they may be 
subjected to conditions approximating to those in the uterus. The 
abdominal cavity is unfavourable [Hoehne and Behne, 1913]. Ac¬ 
cordingly sperm were injected into the lateral ventricle of the brain. Here 
they are freely motile, are exposed to the same temperatures as in the 
uterus, and may readily be recovered for examination. Data on the 
survival of sperm in this environment will be given in the present 
paper. 

Matebial and methods. 

Thirty-four female rats in oestrus or pro-oestrus and twenty-one males 
were used in this work. The technique for injecting the sperm into the 
lateral ventricle was briefly as follows: Under ether anesthesia a median 
incision was made in the skin over the calvarium. The fascia was removed 
from a small area over the parietal bone and a hole 1 mm. in diameter 
trephined approximately 3 mm. posterior to the fronto-parietal suture and 
2 mm. lateral to the sagittal suture. Sperm were removed from the tail 
of the epididymis or ductus deferens and mixed with a small quantity of 

^ Cutting Travelling Eellow, Columbia University. 
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Baker’s solution or Tyrode’s solution. With the aid of a very fine flatly 
groimd hypodermic needle 0-02-0-03 c,c. of this sperm suspension were 
injcc'tcd into the lateral ventricle through the hole in the skull. No 
bleeding usually resultecl. This seems to be an important point, since in 
the few cases where slight hsemorrhage occurred negative results were 
obtained. It is necessary to direct the needle at the proper angle and only 
to the correct depth in order to penetrate the ventricle, which is little 
more than a potential cavity. 

If more than 0-05 c.c. of solution is injected into the ventricle the 
animals sometimes sho w symptoms of cerebral pressure after coming out 
of the ansesthetic. For this reason only about half this quantity, which 
is sufficient for recovering large numbers of spermatozoa, was injected. 
After the appropriate interval the animals were killed by decapitation 
and the condition of the sperm determined by laying the ventricle open 
and removing the contents with a small pipette for microscopical exami¬ 
nation. 

For the injection of sperm into the uterus Yochem’s [1929] tech¬ 
nique, which consisted of ligating the uterus above the cervix and injecting 
the sperm suspension into both horns, was followed. Although he inj ected 
I c.c. into each horn, 0*1 c.c. seems to contain ample sperm and does 
not put the oestrous uterus, already distended with fluid, under undue 
pressure. 

Moore’s [1928] method for quantitatively estimating the degree of 
motility was used. Maximum motility by this system is meaning 
that all sperm are violently motile. When all but a few sperm are con¬ 
siderably motile the designation is ***. Likewise when only half are 
somewhat motile the reading is and when only a few are still motile, 
even one or two, the designation is *. Total absence of motility is 0. 
Normal sperm from the tail of the epididymis or ductus deferens always 
show *^*^*^*^ motility when mixed with Tyxode’s or other physiological 
solutions. 


Results. 

Motility has been detected in sperm from the lateral ventricle of the 
brain on one occasion 17|- hours after injection and frequently after 
15 hours (Table I). Sperm from the tail of the epididymis seemed to 
survive longer than those from the ductus deferens, which is also the case 
in the male after epididymal isolation [see White, 1932], Since the 
animals had not copulated for some time before the experiments were 
begun, they undoubtedly had older and less vigorous sperm in the distal 



232 W. E. WHITE. 

Table I. The survival of spermatozoa in the lateral veutricle of the rat l>raiiL 


Ani mal 

Time after 
injection, 
hours 

Sperm taken 
from 

.Motility 

NurnJxu* of sperm 
re(*,overe(i 

B1 

4.1: 

U 

Ductus deferens 

0 

Very few 

BH 2 ■ 

Tail epididymis 

>i< 

M^any 

BH2 

U 

Dxictuw detcrons 



B44 

10 


0 

V(iry few 

B61 

u 

>■* >» 

0 


W91 

lU 

Tail epididymis 

Jjc 

Many 

B64 

12| 

»S )9 



W28 

12-1 

99 99 

Hi 

99 

B53 

15 

Ductus deferens 

0 

Few 

W30 

15 

Tail exiiclidymis 

Hi 

.Ma>ny 

GOO 

15 

99 99 

Hi 


W33 

15 

99 99 

Hi 


W 12 

m 

99 99 

0 

yy 

BH 99 

174 

99 99 

0 

yy 

BOO 

17| 

99 99 

0 

yy 

BH4 

17i- 

99 99 

Hi 

yy 

W21 

17| 

99 99 

0 

99 

B45 

18 

99 99 

0 

99 

GH 43 

18 

99 99 

0 

Very fow 

W4 

18 

99 99 

0 

Many 


end of the ductus deferens than in the epididymis. In a single case 
Yochem [1929] found motile sperm 12| hours after injection into the 
uterus of an oestrous rat. None were found after longer periods. The 
writer has been unable to recover motile sperm for longer than 10 hours 
after injection into the uterus, although a number of animals were 
examined (Table II). 

Table II. Survival of spermatozoa injected into xiterus of oestrous rat***. 


Animal 

Time after 
injection 
hours 

Motility 

Number of 
sperm 
recovered 

7 

5 

He 

Few 

8 

5 

0 

»» 

10 

74 

Hi 

Very few 

9 

10 

0 

I’ow 

11 

10 

Ht 

Many 

13 

10 

0 

yy 

14 

10 

0 

Few 

5 

124 

0 

None 

6 

124 

0 

Few 

1 

15 

0 

Very few 

2 

15 

0 

Few 

3 

174 

0 

99 

4 

174 

0 

Many 


* In this series all sperm for injection were removed from the tail of the epididymis. 

The conditions after the injection of sperm are possibly not altogether 
comparable to those after normal copulation, since the sperm were not 
mixed with the accessory secretions of the male. It was desired to obtain 
data on sperm survival after copulation, but several attempts to get 
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timed, matings at night by observing the animals or examining the females 
at 15 or 30 min, intervals were nnsnccessfuL Yochem was more 
fortunate* He found motile sperm after 12 houns in the uterus, after 16 
and 17 hours in the oviducts, and after 14i hours in the vagina. This 
relatively long survival in the vagina was probably due to the fact that 
rats usually form copulation plugs. Sperm confined in such a plug are 
doubtless protected from the vaginal secretions which in most mammals 
are very unfavourable for sperm survival. 

Discussion. 

Yochem [1929] found motile sperm in the Fallopian tube 17 hours 
after mating, but in the uterus for only 12 hours. Likewise motile sperm 
have been recovered from 15-17|- hours after injection into the lateral 
ventricle of the brain. The longer survival in the tubes than in the uterus 
may be due either to a more favourable environment there, or to the 
more vigorous sperm leaving the uterus and reaching the Fallopian tube. 

The shorter survival of sperm in the uterus than in the lateral ventricle 
of the brain, where they are often motile for 15 hours after injection, 
indicates that the brain cavities are possibly more favourable for the 
survival of highly motile sperm. This suggests that, at least in the case of 
the rat, the uterus is not specifically adapted for the longest possible 
survival of motile sperm. The fact that the uterus is slightly less suitable 
today be due to the presence of leucocytes, many of which are found even 
in the oestrous uterus, or to the presence of unfavourable secretions. 

SuMMAKY. 

A comparison of the survival of sperm in the uterus and in another 
body cavity, the lateral ventricle of the brain, has been made. 

Sperm have survived in the brain for 17| hours, 5 hours longer than in 
the uterus.. 

It is concluded that if the uterus is not antagonistic, it is at least not 
specffically favourable for the maximum survival of highly motile sperm. 
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HISTAMINE IN CANINE GASTRIC TISSUES. 

By GEETEUDE GAVIN, E. W. McHENRY 
ANB M. J. WILSON. 

{From the Department of Physiological Hygiene, 

School of Hygiene, University of Toronto.) 

In 1905 and 1906 Ed kins reported that aqueous extracts of pyloric 
mucosa, wheii injected subcutaneously, caused secretion of gastric juice 
in the clog. Extracts of fundic mucosa did not stimulate gastric secretion, 
although they were stated to be more potent in lowering blood-pressure 
than the pyloric extracts. As a result of this work, the second or chemical 
phase of gastric secretion is now believed by many to be due to the 
formation in the pyloric mucous membrane of a specific substance called 
‘‘gastrin,” which when absorbed into the blood stimulates the gastric 
glands. 

In 1920 Popielski demonstrated that histamine caused gastric secre¬ 
tion, and since then there has been considerable speculation as to whether 
histamine and “gastrin” are identical. In 1932 Sacks, Ivy, Burgess 
and Vandolah reported the isolation of histamine from hog pyloric 
mucosa. They showed that, after incubation with histaminase, saline 
extracts of this tissue no longer produced gastric secretion. They con¬ 
cluded that if a “gastric hormone” has been extracted from the pyloric 
mucosa the active principle is histamine. These workers consider the 
possibility that the “gastric hormone” may not as yet have been ex¬ 
tracted from the mucosa. In these studies no reference was made to the 
investigation of any part of the stomach other than the pyloric mucosa. 

In view of this similarity between “gastrin” and histamine it seemed 
advisable to study the distribution of the amine in various parts of normal 
stomachs. For this purpose dogs, after 16 hours’ starvation or in some 
cases after a meat meal, were used. The animals were killed instantly by 
means of a captive-bolt pistol, the stomach was removed immediately, 
wiped as clean as possible with dry gauze, and then dissected into pyloric 
mucosa and muscle, and fundic mucosa and muscle. Each section was 
then finely minced, and weighed portions used for histamine determina- 
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tions. Extracts were prepared by our customary bydrochloric acid 
procedure [Best and McHenry, 1930]. Tbe minced tissue was tborougbly 
mixed with bydrocliloric acid within 30 min. after the death of the dog, 
and it is unlikely that any change occurred in the histamine content of the 
tissue in the interval, especially since the gastric tissues of the dog do not 
contain histaminase in amounts detectable by the methods available [Best 
and McHenry, 1930]. The depressor material present was determined by 
assay against a standard histamine solution, using the blood-pressure 
method in an etherized cat. Table I shows the depressor contents calcu¬ 
lated as milligrams of histamine per kilogram of tissue. 


Table I. Histamine content of dogs’ stomachs (mg./kg.) 


Pyloric Piindic 


No. 

Condition 

- - ^ 

Mucosa 

> 

Muscle 

^ 

Mucosa 

Muscle 

831 

24 hr. starvation 

28 

17 

48 

16 

856 

24 

40 

4 

60 

14 

867 

30 

50 

15 

90 

33 

869 

24 

37 

19 

80 

27 


Average 

39 

14 

69 

22 

842 

1 hr. after meat meal 

54 

18 

72 

25 

858 

2 

100 

50 

110 

60 

860 

H 

46 

30 

80 

28 

861 

2 

54 

15 

105 

38 


Average 

63 

28 

92 

38 


A number of depressor substances, in addition to histamine, may be 
present in these tissues. Extracts prepared by acid digestion are free from 
adenylic acid and related compounds, and from ^^callicrein,’’ since such 
treatment destroys these substances. All extracts were assayed before and 
after atropinization of the cat. Since these two assays were always identi¬ 
cal it may be stated that the solutions did not contain choline or acetyl¬ 
choline in amounts sufficient to be detectable by this procedure. However, 
an etherized cat does not respond to injections of small amounts of choline, 
and more sensitive methods have shown this compound to be present. 
Assay of the solutions against acetylcholine on isolated rabbit intestine 
showed small amounts of choline compounds to be present, and this 
result was confirmed by assays after acetylation of the solutions. These 
assays were kindly performed for us by Mr 0. M. Solandt. 

Incubation of the sohitions with added histaminase under standard 
conditions as to pH and temperature [McHenry and Gavin, 1932] 
caused a disappearance of all the depressor activity. It has not yet bean 
demonstrated that this enzyme is specific for histamine, but it does not 
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affect several related amiaes and iminazole compounds or clioliiie. In- 
cubation without Hstamiiiase did not alter the depressor effects of the 
gastric extracts. 

Previous work in this laboratory showed that histamine was not formed 
by the acid digestion procedure. Pure egg albumin and pure casein^ 2 g. 
in each case, were carried through the process and the resultant extracts 
showed no depressor action. Solutions of Z-histidine dichloride were 
similarly treated with the same result. After adding Z-histidine dichloridc 
to minced stomach, the mixture was extracted, and no increase was 
found in the depressor content of the final extract when compared with 
controls from the same lot of tissue. However, this procedure might have 
liberated the amine from a loosely bound complex in which it already 
existed in the decarboxylated form. Simple saline extracts of gastric 
tissues were found to contain a depressor substance which was similar to 
that present in the extracts resulting from acid digestion, and these 
saline extracts likewise lost their depressor effect when incubated with 
histaminase. 

Although these extracts of gastric tissues contained small amounts of 
choline compounds, the evidence cited in the above three paragraphs 
justifies the conclusion that all the depressor activity measured by the 
etherised cat procedure was due to histamine. 

Table II gives the average total amounts of histamine present in each 
type of tissue. Not only does fundic mucosa contain more histamine per 


Table II. Histamine content of a fasting dog’s stomach. 



Weight 

Amount of 
histamine 

P.c. of 

Tissue 

g- 

mg. 

total 

Pyloric mucosa 

15 

0*6 

V2 

Pyloric muscle 

8 

0-1 

2 

Fundic mucosa 

60 

4U 

80 

Fundic muscle 

15 

in 

6 


Total 

5-1 



kilogram than does pyloric mucosa, but there is much more of the former 
tissue in the stomach- A surprisingly large amount, 80 p.c. of the total 
histamine content of the stomach, was present in the fundic mucosa, while 
only 12 p.c. was found in the pyloric mucosa. If the suggestion of Sacks, 
Ivy, Burgess and Vandolah is correct, that ‘'gastrin’’ is Mstamine, 
then the fundic mucosa is probably a much more important source th^n 
the pyloric section. Muscle from either part of the rtomach contains 
little histamine. 
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Since Ed kins lias stated so definitely tkat fundic extracts do not 
produce secretion, and this has received general acceptance, it seemed 
essential to carry out experiments on this point. For this work a dog with 
a gastric fistula was prepared for us by Dr Best. This dog has been given 
a niimher of solutions subcutaneously, and the stomach contents have 
been collected at 5-min. intervals after the injection, by means of a 
catheter inserted through the fistula. The results of these experiments 
are summarized in Table III. Simple saline extracts of fundic mucosa, 


Table III, Secretagogue effects of gastric extracts. 


Injected solution 

A. 


Volume of 
gastric Juice 
collected in 
30 min. 

r 

Histamine 

content 

Volume and nature 

mg. 

c.c. 

(>•22 c.c. histamine standanl 

0-2 

40 

0*5 c.c. histamine standard 

0-5 

40 

50 0.0. solution prepared by HCl 

0-8 

50 

digestion of fundic mucosa 

200 c.c. saline extract of fundic 

0*7 

50 

mucosa 

90 c.c, saline extract of pyloric 

0-2 

20 

mucosa 

70 c.c. saline extract of fundic 

0-4 

60 

mucosa 

70 c.c, solution from same lot in¬ 
cubated with histaminase 

0 

(formerly 04) 

None 

70 c.c. solution from same lot in- 

04 

60 

cubated without histaminase 

30 c.c. of same lot after 6 days in 

0-2 

20 

refrigerator 

40 0.0. saline extract of pyloric 
mucosa incubated with histami- 

0 

(formerly 0*2) 

None 

ease 

60 c.c. saline 

0 

None 


and solutions prepared from similar tissue by acid digestion, definitely 
caused gastric secretion. Their power to do so was destroyed by incubation 
with Hstaminase, while a control experiment showed that the enzyme, 
and not simply incubation, was the inactivating factor. Histaminase 
similarly inactivated an extract of the pyloric mucosa, thus confirming 
Ivy’s results. In all cases disappearance of secretagogue powers was coin¬ 
cident with a loss of depressor activity. As indicated above, this latter 
effect was due to the presence of histamine. Since the possibility existed 
that the dog might have developed a conditioned reflex, an injection of 
saline was given, but this failed to evoke secretion. 
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SUMMAEY, 

1, Histamine is contained in relatively large amounts in tlie mucous 
memlbrane of the stomach of the normal dog and in smaller quantities in 
the gastric muscle. Of the total amount of this substance contained in 
a stomach, approximately 80 p.c. is present in the fundic mucosa. 

2. Extracts of dog’s fundic mucosa, as well as those from pyloric 
tissue, have secretagogue powers which are lost after incubation of the 
solutions with histaminase. The results of Sacks, Ivy, Burgess and 
Vandolah on pyloric mucosa are thus confirmed and, in addition, it is 
shown that the fundic mucosa contains more secretagogue material than 
the pyloric. This result does not support the findings of Edkins. 

This investigation was carried out in the laboratory of, and under the 
direction of, Prof. C. H. Best, to whom and to Dr J. Gr. FitzGerald, 
Director of the School of Hygiene, we are greatly indebted. 
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THE EFFECT OF ATROPINE ON ADRENALINE 
HYPERGLYCiEMIA IN RABBITS DECEREBRATED 
ANTERIOR TO THE PONS. 

By M. G. FORSTER (assisted by A. K. CHALMERS). 

{From the Physiological Laboratory, The University, Aberdeen.) 

The Ii 3 rperglyc 8 eniia whicli results from decerebration, like that following 
Claude Bernard’s piqure, is supposed by some to be nothing more than 
a form of adrenaline hyperglycsemia due to stimulation of the adrenal 
glands through the splanchnic nerves. This possibility has been discussed 
elsewhere in the light of experiments in which it was tested by seeing 
whether hyperglycsemia still follows decerebration or piqhre after re¬ 
moval of the adrenal glands or section of the splanchnic nerves (cf. 
Macleod and Pearce [1912], Donhoffer and Macleod [1932], 
Evans, Tsai and Young [1931]). As a rule, under these conditions the 
blood-sugar level fails to rise, but such a result does not necessarily prove 
that increased secretion of adrenaline is alone responsible for the hyper- 
glycaemia which occurs with the adrenals intact. Stimulation of glyco- 
genolysis in the liver through the nerves supplying this organ may also 
be interfered with by these operations, and the possibility must not be 
lost sight of that a sudden cessation in the secretion of insulin may 
follow decerebration or piqure. As a matter of fact, decerebration may 
be followed by hyperglycaemia when it is performed on an adrenalectom- 
ized animal which has been kept alive by injections of cortical extract, 
provided glycogen has been allowed to accumulate in the liver, as a result 
of rich feeding with carbohydrates. 

It seemed that further evidence bearing on these questions might be 
obtained by a closer comparison of the types of hyperglycaemia caused 
by adrenaline and by decerebration, and particularly, by seeing whether 
‘they both respond in the same way to the injection of atropine. Don¬ 
hoffer and Macleod showed that this drug prevented the rise in the 
blood-sugar percentage which otherwise occurs after pontine decere¬ 
bration in rabbits in which, by previous fasting, the glycogen content of 
^ra.''Lxxix;: ' ; ’ 17 
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the lirer has been reduced to a low level (below 1*0 p.c.). Others have 
also shown that atropine suppresses or, especially when given along with 
ergotamine, may prevent the rise in the blood-sugar level following oral 
administration of sugar, but that it has no cliect on the hyperglycmmia 
which follows the direct intravenous injection of sugar. 

In view of these results it seemed worth while to compare the effects 
of atropine on decerebration hyperglycsemia and on that produced by 
injection of adrenaline and by intravenous injection of sugar. As a 
preliminary it was, of course, necessary to determine both the dose of ad¬ 
renaline and the amount of glucose which would cause, by continuous 
intravenous infusion, a degree of hyperglycemia comparable with that 
observed after pontine decerebration in fasted rabbits. 

Methods. 

Rabbits which had fasted from 16 to 24 hours after being anesthetized 
by intravenous injection of amytal were decerebrated in Region 2 by 
Schmidt’s method [1923], one of the carotid arteries being left untied. 
At the beginning and end of the experiment a hindleg was amputated 
and plunged into a saline freezing mixture at a temperature below— 10° C. 
After an interval greater than 15 min. a representative muscle sample 
was cut from the frozen limb and placed directly into hot KOH for the 
estimation of glycogen by the Pfliiger method. Liver samples for 
glycogen estimation were taken at the beginning and end of the experi¬ 
ment and placed directly in hot KOH. Blood samples were withdrawn, 
generally from the carotid artery but sometimes from an ear vessel, at 
half-hourly intervals, for estimation of glucose by the Hagedorn- 
Jensen method. To control any possible effect of the injection of fluid 
on the blood-sugar level, normal saline was injected into the jugular vein 
at a constant rate for some time following decerebration. When the 
temporary post-operative hyperglycsemia had subsided and the blood- 
sugar concentration had reached a relatively steady value, the saline 
perfusion was replaced by one of adrenaline or of glucose, the actual rate 
of the administration of fluid being unaltered. 

Adrenaline was injected in amounts varying from 0-000104 to 
0*00079 mg. per kg. per min. 

Glucose was injected in aqueous solution in amounts of from 0-395 
to 0-571 g. per kg. per hour in concentrations of from 8-20 p.c. In one 
group of experiments atropine, in aqueous solution, was administered 
intravenously in single doses. 
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Results. 

The injection of saline solution alone did not have any effect on the 
blood-sugar level. This can be seen from the curves shown in Fig. 1, in 
which the results of four of the adrenaline experiments are plotted. In 
all of them saline solution alone was injected at a constant rate during 
the two hours immediately following the decerebration, which was made 



Fig. 1. The effect on the blood-sugar level of injecting adrenaline by continuous intra¬ 
venous perfusion at varying rates into rabbits decerebrated in Region 2, At arrow, 
saline injection was replaced by adrenaline. 

Rate of injection of adrenaline: 

Exp. 149. 0*00025 mg. per kg. per min. 

Exp. 158. 0-000214 
Exp. 159. 0*00018 „ 

Exp. 171. 0-000192 

anterior to the pons. In three experiments the blood-sugar level re¬ 
mained undisturbed by this operation and did not rise during the saline 
transfusion; in one experiment the decerebration caused an immediate 
rise in the level—^probably because of accidental injury to the pons—but 
this was only temporary, the normal being regained by the third hour. 

That saline injections have no hyperglycamic effect was also noted in 
all the experiments in which glucose was subsequently injected. It will 
be convenient to consider the adrenaline experiments first. 

, 17—2 ^ ' 
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The efiect of the addition of adrenaline to the saline is illustrated 
in the curves of Fig. 1, which show that a degree of liyperglycmmia 
comparable with that which follows pontine decerebration is produced by 
0*00025 mg. adrenaline hydrochloride per kg. body weight and per minute. 
According to the curves, it would also appear that progressively smaller 
doses than this have correspondingly lesser effects on the blood-sugar 
level. Trendelenburg and Fleischhauer [1913] found a somewhat 
higher rate of infusion necessary to cause glycosuria (0*0013 per min.), 
increase in perfusion rate being paralleled to some extent by increase in 
glycosuria. At about 0*0002 mg. in our experiments, no change occurred 
in the sugar percentage. But the grading in effect was not always mani¬ 
fest, being masked probably by differences in the state of carbohydrate 
metabolism of the animal at the time of injection. One naturally thinks 
of the glycogen content of liver and muscles as a dominating factor in this 
regard, but we have been unable, in previously fasted rabbits, to show 
that such is the case. 

In the experiments, of which the results are given in the curves 
of Fig. 1, the percentages of glycogen in liver and muscles were as 
follows: 

Glycogen in grams per 100 g. tissue. 


Exp. No. 

Beginning 

End 

148 

No estimations 

158 

L. 0*902 

M. 0*237 

L. 0*504 

M. 0*230 

159 

L. 1*214 

M. 0*861 

L. trace 

M. 0*570 

171 

L. 1*318 

M. 0*269 

L. trace 

M. 0*259 


The percentages at the start happened to be much alike for the liver, 
but very variable for the muscles. No conclusions can be drawn from 
these results regarding the behaviour of the glycogen during the periods 
of adrenaline injection. 

Although 0*00025 mg. adrenaline usually produces marked hyper¬ 
glycemia, it may fail to do so in certain animals and we are unable to 
account for the difference. Thus in two experiments the following results 
were obtained: 

Exp. 1 Exp. 2 

Average blood sugar during saline injection 0*160 p.c. 0*120 p.c. 

Average blood sugar during adrenalin© injection 0*090 p.c. 0*140 p.e. 

The dose of adrenaline in Exp. 1 was 0-00029 mg., increased later to 
0-00040 mg. In Exp. 2 the rate of injection was 0-0004 mg. per kg. per 
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min. It is considered permissible, however, to conclude that 0-00025 mg. 
adrenaline (Kydrocliloride) per min. and per kg. body weight will usually 
produce, in previously fasted rabbits, a degree of hyperglycaemia, which 
is comparable with that following pontine decerebration, but it must be 
admitted that the occurrence of exceptions detracts somewhat from the 



Fig. 2. The suppression of adrenaline hyperglycsemia by atropine in rabbits decerebrated 
in Region 2. The arrow indicates the beginning of adrenaline infusion in place of saline. 
Blood-sugar values after intravenous injection of a single dose of atropine are shown in 
black. 

Rate of adrenaline injection: 

Exp. 176. 0’000486 mg. per kg. per min. 

Exp. 177. 0'000332 „ 

Exp. 180. 0-000405 

Exp. 183. 0-00072 

value of some of our later results on the effect of atropine {e,g, those 
shown in Mg, 3). 

In order to study the effect of atropine, two methods were employed: 
(1) injecting it after adrenaline hyperglyosemia had become established 
aud (2) injecting it at the same time as adrenaline. 

The results of four experiments of the former type are shown in 
Fig. 2. In two of them atropine caused the blood-sugar percentage to 
fall rapidly. The glycogen percentages in the liver and muscles did not 
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differ in tlieir beliavionr from those in the experiments in which adrenaline 
alone was injected, the percentage of liver glycogen being over 1*5 to 
start with in all cases. 

The results of two experiments in which atropine was injected in large 
dosage at the commencement of the adrenaline injections are shown along 
with one in which no atropine was given in the curves of Kg. 3. Although 



Pig. 3. The inhibition of adrenaline hyperglycemia by atropine in rabbits decerebrated in 
Region 2. The arrow indicates the substitution in all three experiments of the beginning 
of adrenaline infusion in place of saline. It also indicates the intravenous injection of 
a single dose of atropine (5 mg, per kg.) in two experiments. The post-atropine blood- 
sugar values are shown in black. 

Rate of injection of adrenaline: 

Exp. 149. 0-00025 mg. per kg. per min. 

Exp. 188. 0-00044 „ „ 

Exp. 184. 0*00079 

a moderate increase iu the blood-sugar percentage occurred in one of the 
experiments, the general effect of atropine was to inhibit the hyper- 
glycaemic action of adrenaline, but these results are not so convincing as 
those shown in Kg. 2, for the reason already given. Glycogen was deter¬ 
mined in the liver and muscles of Exp. 188, with the following results: 

Liver: start 1*34 p.c.; finish, trace. 

Muscles: start 0-24 p.c.; finish 0-30 p.c. 

The efiect of the contimious injection of glucose solutions is shown in 
abbreviated form in Table I. By comparing the averages of the blood- 
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sugar percentages before and during injection of glucose, it can be seen 
that 0*4 g. per kg. body weight and per hour bad no effect, whereas a 
decided rise occurred when 0*45 g. or more was injected. Between these 
two amounts it is possible that a grading in effect could be demonstrated, 
but our results within this range are not sufficiently numerous to make 
the comparison. The table (Table I) also gives the percentages of glycogen 
in the liver and muscles. It is significant that there is no relationship 


Table I. Effect of continuous intravenous injections of glucose at 
varying rates. 

Mean 

blood Bate of 

sugar Wt. of Blood sugar during glucose Glycogen percentages injection 

during animal ,,-^^ ^ g. per kg. 

saline kg. Lowest Highest Mean Before After per hr. 


155 

2-42 

135 

250 

172 

2-08 

280 

310 

180 

1-35 

240 

310 

213 

1-70 

320 

400 

142 

1-95 

210 

300 

160 

1-5 

115 

220 

185 

1-27 

115 

220 

246 

1-37 

270 

330 


184 

L. 0-040 

M. 0-441 

L. Nil 

M. 0-224 

0-413 

294 

L. 0-548 

M. — 

L. 0-080 

M. — 

0-571 

275 

L. 0-587 

M. 0-500 

L. 0-346 

M. 0-273 

0-501 

366 

L. 0-807 

M. 0-397 

L. 2-779 

M. 0-270 

0*460 

255 

L. 0-045 

M. 0-497 

L. 2-328 

M. 0-297 

0-517 

169 

L. 2-091 

M. 0-398 

L. 1-747 

M. 0-318 

0-395 

165 

L. 1-726 

M. 0-357 

L. 0-138 

M. 0-053 

0*399 

305 

L. 4-518 

M. 0-439 

L. 1-123 

M, 0-295 

0-448 


between the behaviour of the liver glycogen and the amount of glucose 
injected. Thus, the percentage of glycogen diminished in four of the 
experiments in which sufficient glucose was injected to raise the average 
percentage of blood sugar while it increased in two of them. It diminished 
in the two experiments in which there was no rise in the blood-sugar level. 
The muscle glycogen became reduced in percentage in all of the experi¬ 
ments and no relationship is apparent between the extent of this reduction 
and the rate of sugar injection. 

To investigate the effect of atropine on this form of hyperglycaemia, 
large doses of the alkaloid were injected after the sugar had been trans¬ 
fused for some time. It can be seen from the curves of Big. 4 that this 
had no effect on the blood-sugar level. Glycogen estimations were made 
in liver and muscle as usual. In all three cases, the liver glycogen rose 
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from 1 to 3 p.c. The muscle glycogeii did not bear any relationship to that 
of the hver, sometimes rising and sometimes falling. 

When atropine was injected during the wliole of the glucose perfusion, 
the results were inconstant and no conclusions are drawn from them. 



Hours 


Kg. 4. The effect of atropine on the hyperglycsemia produced by the continuous intra¬ 
venous perfusion of glucose into rabbits decerebrated in Eegion 2. The aiTow indicates 
the beginning of infusion of glucose solution in place of saline. The post-atropino blood- 
sugar values are shown in black. 

Bate of injection of glucose: 

Exp. 200. 0’363 gm. per kg. per hour. 

Exp. 201. 0-622 

Exp. 202. 0-664 „ „ 

Atropine injection: 5 mg. per kg. in single dose. 


SUMMAEY. 

It is undoubtedly of some significance that atropine should affect the 
which results from injections of adrenaline much in the 
sa^ way as it does that which follows pontine decerebration or the oral 
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administration of sugar. If these effects were due to a retardation in the 
rate of glycogenolysis in the liver or to an increase in glycogen formation 
in this organ, it might be expected that this would be detected by a less 
marked decrease in the glycogen content of the organ during the course 
of the atropine experiments than occurred in those in which no atropine 
was given. But the behaviour of the glycogen content is too irregular 
even in the experiments without atropine to justify any conclusions being 
drawn from its behaviour when this was given. It would also be reason¬ 
able to suppose that if atropine promoted the formation of liver glycogen 
in these experiments, it would also do so when given at the same time as 
glucose was being added to the blood by intravenous injection, but, here 
again, the glycogen results are too inconstant to be of value. Even when 
glucose alone was added to the blood, the liver glycogens, in a long series 
of experiments, did not behave alike. Such results confirm the impression 
which is gaining ground that the conditions which determine the be¬ 
haviour of glycogen in the liver are much more complex than many have 
supposed them to be. 

It is interesting to note that the amount of glucose necessary to cause 
hyperglycaemia by intravenous injection in fasted rabbits decerebrated 
anterior to the pons is between 0*4 and 0*45 g. per kg. per hour. This is 
considerably less than that given by Cori [1931] for rabbits under amytal 
anaesthesia, viz. 2 g. The dose of adrenaline necessary to cause in rabbits 
decerebrated anterior to the pons a degree of hyperglycaemia comparable 
with that which follows pontine decerebration was usually found to be 
0*00025 mg. per kg. per hour, but in a few of the experiments of this 
group, larger doses were required. Cori found that 0*00005 mg. per kg. 
per hour caused a rise in the blood-sugar level in unansesthetized rabbits. 

Conclusions. 

1. In rabbits deprived of food overnight and then decerebrated 
anterior to the pons, the amount of adrenaline hydrochloride necessary 
to cause by continuous intravenous injection a degree of hyperglycaemia 
comparable with that which follows pontine decerebration, is usually 
0*00026 mg. per kg. per hour. Sometimes, however, larger doses fail to 
have this effect. 

2. Atropine injected after adrenaline hyperglycaemia has become 
established may cause the blood-sugar level to faU rapidly. When the 
alkaloid is given in one large dose at the start of the adrenaline injections, 
it appears to retard the rise in the blood-sugar level. 
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3. When glucose is added to the blood by continuous intravenous 
injection, it requires 0*4-0*45 g. per kg. per hour to cause a definite rise 
in the blood-sugar level, and atropine has no influence on this form of 
hyperglycemia. 

The behaviour of the glycogen of the liver and muscles in the present 
experiments was too inconstant to permit of any conclusions being drawn. 
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THE ALLEGED OCCURRENCE OF ACETYLCHOLINE 

IN OX BLOOD. 

By HAROLD WARD DUDLEY. 

{From the National Institute for Medical Research, 

Ham'pstead, W.Tf. 3.) 

I'N spite of the closest and friendliest cooperation between Prof. 
Kapfbainnier and ourselves, we are still unable to reacb agreement on 
tbe question of the alleged occurrence of pliysiologically important 
amounts of acetylcholine in normal blood. 

In a long series of experiments we have consistently failed to detect 
physiologically more than the merest traces of activity resembling that 
of acetylcholine (equivalent to not more than OT mg. of acetylcholine 
chloride per litre of blood) in blood extracts at any stage in the process 
of purification, while he and his collaborators describe the detection and 
chemical identification of amounts up to as much as 40 mg. per litre. 

It appears to be desirable to report the results of our final attempt to 
clear up the discrepancy, since, having regard to the present state of the 
literature on this question, our silence might reasonably suggest that we 
no longer maintained our original position. 

About a year ago, a full and friendly exchange of information and 
experiences having failed to disclose the reason for our contradictory 
findings, at the invitation of Prof. Kapfhammer I went to Freiburg in 
the hope of discovering, by collaboration with him in his own laboratory, 
the explanation of our discordant results. 

I will state forthwith that I had no difficulty in isolating acetylcholine 
from the two samples of blood examined during my visit to Freiburg. 
Ox blood was collected on two occasions from the municipal slaughter¬ 
house. Dr C. Bischoff and I each worked up 1 litre of each specimen 
according to the Freiburg technique. This consists in precipitating the 
blood proteins with alcohol, and treating the extract, after concen¬ 
tration, with trichloroacetic acid to remove residua! protein. Fat and 
excess of trichloroacetic acid are then removed by extraction with ether. 
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After appropriate concentratioa of the extract acetylcholine is pre¬ 
cipitated with ‘^'Reinecke” acid, the '‘^reineckate’’ is decomposed and 
the base converted into chloroaurate for identification. 

At each stage of the process Dr Bischoff’s and my results were 
identical in both experiments. 

The two experiments were particularly remarkable in that the 
physiological behaviour of the acetylcholine associated with the first 
difiered strangely from that of the acetylcholine associated with the 
second. 

The first sample of blood was taken to the stage of purification with 
trichloroacetic acid before it was tested for physiological activity. The 
result of this test was quite concordant with our own experiments at 
Hampstead, for it displayed only a minute activity, equivalent to 
0-1-0-5 mg. of acetylcholine chloride per litre of blood. Nevertheless, we 
proceeded to the next stage, namely precipitation with Reinecke acid, 
and most surprisingly the solution of chlorides derived from the pre¬ 
cipitated ‘^reineckate” possessed physiological activity equivalent to 
40 mg. of acetylcholine chloride per litre of blood. There was no doubt 
that this activity was in fact due to acetylcholine, since the chloroaurate 
of the base was isolated and identified chemically. 

The second sample of blood was precipitated with alcohol, and after 
1 hour the alcoholic filtrate was tested physiologically, at Dr Bischof f’s 
suggestion, before concentration on both the cat’s blood-pressure and the 
rabbit’s isolated intestine. Although the alcohol interfered to some 
extent in the second method, an unmistakable acetylcholine effect was 
observed in both, indicating approximately 22 mg. of acetylcholine 
chloride per litre of blood. Assayed subsequently at the trichloroacetic 
acid and "'reineckate” stages, this extract gave equivalents of 27 and 
25 mg. respectively, and acetylcholine was finally isolated and identified 
as the chloroaurate. 

Thus acetylcholine was actually isolated from the two blood extracts 
and identified chemically. The appearance of the active base at the end 
of the fractionation of the first extract, which up to that point had given 
no indication that it contained more than'a trace, was uncanny; parti¬ 
cularly as the second extract displayed at every stage of purification the 
typical physiological activity in a degree corresponding to the amount 
of acetylcholine eventually isolated. 

It is true that Bischoff, Grab and Kapfhammer [1931] have 
reported that alcoholic extracts of blood are sometimes obtained which 
give no physiological indication of the acetylcholine which they actuaEy 
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contain until tkey have been treated with trichloroacetic acid, the 
presumption being that acetylcholine may lie hidden in such extracts as 
a physiologically inactive complex which is broken down by trichloro¬ 
acetic acid treatment. In my first Freiburg experiment, however, this 
hypothetical complex apparently survived that stage, and only after 
precipitation with Eeinecke acid did normal, physiologically active 
acetylcholine appear. Since a fundamental disagreement still exists 
between Kapfhammer’s results and our own, it is superfluous to discuss 
this hypothetical complex. Apart from the chemical difficulties which it 
presents, its inconstancy in appearance and behaviour is perplexing; and 
in our investigations at Hampstead we have never encountered it. 

Returning from Freiburg to Hampstead, I again examined ox blood 
from four difierent animals, using the technique with which I had become 
famihar in Kapfhammer’s laboratory. In none of the extracts was 
more than a trace of acetylchohne-like activity (equivalent to not more 
than 0*1 mg. of acetylcholine chloride per htre of blood) physiologically 
detectable at any stage in the fractionation, which in each experiment 
was carried to completion in spite of the apparent absence of acetyl¬ 
choline. The gold salts finally obtained consisted mainly of choline 
chloroaurate. 

In order to test my technique, the unconcentrated alcoholic extract 
of the fourth sample (2 litres) of blood was divided into two equal 
quantities, to one of which I added 40 mg. of acetylcholine chloride. The 
two portions were then worked up simultaneously. Without difficulty, 
and with relatively little loss, the added acetylcholine was recovered, 
and finally identified as chloroaurate. 

For the complete failure of the experiments made in this laboratory 
to confirm the positive results of those performed under precisely the 
same technique in Freiburg, we can find no reasonable explanation. 

It should be mentioned that, since this work was completed, a short 
note by Vogelfanger [1933] has appeared, stating that there is no 
difficulty in obtaining from ox blood, by Kapfhammer’s method, 
acetylcholine in amounts similar to those which he obtained. The author 
notes that the amount of oxalic acid recommended byKapfhammer 
is inadequate to ensure a proper acidity of the initial extract, and 
emphasizes the necessity of adjusting the amount to that end. It might 
be implied that the failure of others to find acetylcholine in ox blood was 
attributable to neglect of this point. This criticism does not apply to our 
earlier work, for we ourselves discovered this defect in Kapfhammer’s 
original directions, when applied to English ox blood, and took the 
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necessary steps to correct it [Dale and Dudley, 19S1]. Apart from, 
this critical note on a point already recognized and dealt with by iis, 
Vogelf anger’s account is a bare record, and does not assist to an under¬ 
standing of our negative findings. Our numerous and consistently negative 
results prove that acetylcholine cannot be an artefact, and the erratic 
appearance of the substance in physiologically detectable form at different 
stages of the fractionation in different experiments rules out the im¬ 
probable suspicion that there might be occasional batches of alcohol 
current in Germany which were contaminated with acetylcholine. 

Since the same technique gives me positive results, confirming 
Kapfhammer’s, in Freiburg, and negative results, confirming all our 
earlier observations, in London, it is obviously desirable that the question 
should be tested by others as widely as possible. Already Wrede and 
Keil [1931] have described negative results and Vogelfanger positive. 

I earnestly hope that the publication of this paper will stimulate 
others, in this country and abroad, to investigate the problem. The 
method of Kapfhammer and Bischoff is admirably suited to its 
purpose, and has transformed the process of isolation of acetylcholine 
from one of great labour and difi&culty to one of ease and simplicity. 

In the following paper Chang and Gaddum publish experiments 
made on extracts of other tissues by physiological methods. Only in 
one case, that of the human placenta, as earlier in the case of horse and 
ox spleen, do these further experiments detect quantities of acetylcholine 
comparable to those found by the Freiburg investigators. With all other 
tissues, the experience of this laboratory entirely fails to confirm the 
presence of still higher proportions (nearly 200 mg. per kg. in some cases) 
of acetylcholine found by Kapfhammer and his collaborators. 

Expeeimental. 

The method of Kapfhammer and Bischoff, employed in the 
experiments under discussion, was carried out in the following manner in 
Freibnrg. 

Ox blood was collected at the municipal slaughter-house, where oxalic acid (1*6 g. per 
litre of blood) in saturated aqueous solution was added. It was then brought to the 
laboratory, a journey of about 20 min. duration, where X litre was poured with stirring into 
5 litres of 96 p.c. alcohol. The reaction of the mixture was tested with blue litmus paper. 
As no definite acid reaction was detectable, aqueous lactic acid was added until the solution 
produced a faint reddening of litmus. 

After standing for 14-2 hours the solution was filtered through paper and mixed with 
the liquid expressed in a tincture press from the blood coagulum. The blood cake was re¬ 
extracted with 2 litres of 96 p.c. alcohol, which, after 2 hours’ contact, was filtered off. 
The combined extract was then evaporated in vacuo (water bath at 40°) to lOO-lSO c.c. 



ALLEGED AGETYLOHOLINE IN OX BLOOD. 


253 


An equal volume of 20 p.c. trichloroacetic acid was added to this concentrate and the 
mixture was placed in an ice-chest (4®) for 2 hours. It was then shaken out with ether 
four times, and the solution, now faintly acid to Congo-red, was concentrated in mcuo to 
approximately 100 c.c. Saturated aqueous Reinecke acid was added in slight excess and 
the mixture was placed in the ice-chest for 12-16 hours. 

The precipitate was then filtered off and washed with ice-cold water until the runnings 
were practically colourless. Ice-cold alcohol was then applied; the runnings were at first 
faintly coloured, but speedily became colourless. After a final washing with ether the 
residual precipitate was dried in a desiccator. It was then dissolved in 25-50 c.c. of dry 
acetone. The solution, after removal of a small amount of insoluble material by filtration, 
was mixed with dry benzene (10-15 vols.). This precipitated the “reineckate” quanti¬ 
tatively, and it was collected on a folded filter paper. After drying, it was dissolved in 
about 100 c.c. of 50 p.c. acetone, excess of aqueous silver sulphate solution was added, the 
precipitate of silver “reineckate” removed in the centrifuge and to the liquid a solution of 
barium chloride, equivalent to the silver sulphate used, was added. The solution, freed 
from silver chloride and barium sulphate in the centrifuge, was concentrated in vacuo to 
5 c.c. A strong solution of gold chloride, neutralized to Congo-red with sodium hydrogen 
carbonate, was added to this solution. After standing in the ice-chest for about an hour 
the gold salt was filtered ofi and recrystallized from water. 

Tke experiments made at Hampstead were carried out strictly in 
accordance with the technique just described. The amount of lactic acid 
added to each alcoholic filtrate was 1 c.c. 

The '‘reineckate” was precipitated from acetone solution by means 
of benzene for the sake of strict conformity, but this step does not appear 
to serve any useful purpose and could be omitted. 

Table I shows the amounts of acetylcholine determined physiologically 
at each stage of the fractionation of the two Freiburg specimens and of 
the fourth sample of English ox blood, which was worked up in two equal 


Table I. Acetylcholine in ox blood (mg. acetylcholine chloride per litre). 


Freiburg experiments Hampstead experiments 



Blood I 

Blood II 

Blood IV a 

Blood IV b 

Alcoholic extract before 

— 

22 (approx.)*t 

—, 

— 

cone. 

Alcoholic extract after 

— 

— 

0-13t 

40t 

cone. 

After trichloroacetic 

0-1-0-5* 

27t 

0-13t 

40t 

acid purification 

After Reinecke acid pre¬ 
cipitation 

40t 

25t 

f0-09t 

10-05t 

f33-3t 

t34-4J 

Weight of chloroaurate 

50 mg. 

30 mg. 

40 mg. 

54 mg. 

after recrystallization 

(M.pt. 162°; 
Au. 40-4 p.c.) 

(M.pt. 163°; 
Au. 40-4 p.c.) 

(M.pt. 258°; 
Au. 44-3 p.c.) 

(M.pt. 164°; 
Au. 40*5 p.c.) 


Physiological determination: * Cat’s blood-pressure; f Rabbit’s intestine; { Prog’s 
eserinized rectus. Au. calc, for acetylcholine chloroaurate, 40*6 p.c.; for choline ohloro- 
aurate, 44*5 p.c. 
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portions, to one of which. (IV b) 40 mg. of acetylcholine chloride had been 
added. The other three English ox bloods gave results similar to those of 
IV a. When such small amounts of acetylcholine as appear in blood IV a 
are under examination the frog’s eserinized rectus gives a much more 
accurate assay than does the rabbit’s intestine. With the latter a fraction 
of the total activity still persists after atropinization of the test tissue. 
The amounts of twice recrystallized chloroaurate, with melting points and 
analyses, are also presented. The crude chloroaurate obtained from blood 
extracts always contains the choline salt. When the acetylcholine salt is 
also present the volume of water used for recrystallization is such that 
the choline salt remains in the mother liquor, since acetylcholine 
chloroaurate is much less soluble than choline chloroaurate. 

It is to be noted that the exhaustive washing of the “reineckate” 
results in a small loss (15 p.c.) of acetylcholine. 

SrJMMAEY. 

Kapfhammer and his colleagues in Freiburg maintain that ox 
blood contains relatively large amounts of acetylcholine, whilst we at 
Hampstead have consistently failed to confirm their finding. 

This fundamental discrepancy persists in spite of a collaborative 
attempt, described in* the present communication, to discover a reason 
for our disagreement. 

In conclusion I wish to record my appreciation of the friendliness with 
which Prof. Kapfhammer received me in his laboratory, and of the 
expert and willing advice and assistance afforded me by Dr Bischoff 
in making my experiments there. 

I am indebted to Sir Henry Dale, Dr J. H. Gaddum and Dr H. C. 
Chang for their help in making the necessary physiological deter¬ 
minations. 
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CHOLINE ESTERS IN TISSUE EXTRACTS. 

By H. C. change and J. H. GADDUM. 

{From the National Institute for Medical Research^ 

London^ A.TF. 3.) 

Since Loewi [1921-30] brouglit evidence to stow that the vagus nerve 
inhibits the frog’s heart by liberating a substance pharmacologically 
identified as a choline ester, similar evidence has been obtained in 
experiments with a number of other nerves. It has been shown that the 
same mechanism is probably responsible for the action of the third nerve 
on the eye [Engelhart, 1931; Velhagen, 1931, 1932] of the ‘"anti¬ 
dromic” vasodilator nerves to voluntary muscle [Dale and Gaddum, 
1930; Feldberg, 1932; Bain, 1932], of the chorda tympani on the 
secretory cells of the submaxillary gland [Babkin, Stavraky and 
Alley, 1932; Babkin, Gibbs and Wolff, 1932; Gibbs and Szeloczey, 
1932 a, 6; Henderson and Roepke, 1932], and of the splanchnic nerve 
on the suprarenal medulla [quoted from Feldberg, 1933]. There is also 
some reason to believe that the intestine is capable of esterifying choline 
in the presence of the appropriate anions to form highly active choline 
esters [le Hen x, 1919; Magnus, 1930], and that this mechanism is under 
control of the vagus [Hoet, 1925]. Fuller reference to work on this 
subject will be found in papers by Riesser [1931], Hirsohberg [1931] 
and Kroetz [1931]. 

In 1925 Witanowski showed that a substance with the pharma¬ 
cological properties of a choline ester could be obtained from frog’s 
heart by mincing the tissue in alcohol. This observation has frequently 
been confirmed and similar results have been obtained with other 
tissues. 

The only choline ester which has hitherto been isolated in a chemically 
pure state from animal tissues is acetylcholine, which was found to be 
present in large quantities in the spleens of horses and oxen [Dale and 
Dudley, 1929, 1931]. More recently Bischoff, Kapfhammer and 

^ Rockefeller Eotmdation Fellow. 
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their co-workers [1930, 1931, 1932] (see also Vogelfanger [1932]) have 
announced the isolation of even larger quantities of acetylcholine from 
blood, skeletal muscle, and many other tissues. Repeated attempts have 
been made in this laboratory to confirm these observations regarding 
blood and skeletal muscle and these attempts have been unsuccessful. 
We have, however, developed improved methods of making tissue extracts 
and testing them for acetylcholine. 

In the discussion of our results we have found it convenient to use 
two new terms. The term ^^A.o.-substance’’ means ^'a substance pharma¬ 
cologically identified as acetylcholine.” ^'A.c.-equivalent” means ‘^‘the 
apparent concentration of acetylcholine in terms of the chloride.” 

The pbeparatiok op extracts. 

The conditions necessary for obtaining acetylcholine in extracts of 
horse’s spleen have been discussed by Dale and Dudley [1929]. The 
spleen may be removed from the horse and kept intact for some hours 
without appreciable loss of acetylcholine, but as soon as the tissue is 
cut up or minced for extraction the acetylcholine rapidly disappears, and 
appreciable loss may occur even if the tissue is allowed to drop directly 
from the mincer into alcohol. In order to obtain maximum yields it is 
therefore important that the tissue should be soaked in some liquid 
which will inhibit the disappearance of activity, and disintegrated in 
this liquid. 

The liquid which has most frequently been used in the preparation of 
such extracts is ethyl alcohol. Since it is known that acetylcholine is 
most stable in weak acids (pH 3-9, Hofmann, 1930) some workers add 
1 c.c. of normal hydrochloric acid to each 100 c.c, of alcohol. We have 
obtained more satisfactory results with sulphuric acid, since extracts 
containing this acid filter more readily than extracts containing hydro¬ 
chloric acid. In an experiment with dog’s liver it was found that the 
final solution was of about the right acidity when each 100 g. of tissue 
was extracted with 400 c.c, of alcohol containing 5 c.c. of 22 V'H 2 iS 04 . 
A similar extract was then prepared from a horse’s spleen and compared 
for activity on the rabbit’s intestine with an extract made without the 
addition of acid. In this way it was found that the yield of acetylcholine 
was slightly increased by the addition of this quantity of sulphuric acid. 

Trichloroacetic acid was used by G-alehr and Plattner [1928] to 
precipitate the proteins in blood and thus stop the destruction of acetyl¬ 
choline. In three experiments we have found that extracts of horse’s 
spleen and intestine prepared by means of this acid contained 12-30 p.o. 
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more activity than similar extracts prepared from the same tissue with 
acid alcohol as described above, and we have therefore adopted the 
following method of preparing extracts: 

The tissue is weighed and placed in 10 p.c. trichloroacetic acid (2 c.c. of acid for each g. 
of tissue). It is out up in the acid with scissors and then left with occasional stirring for 
1-2 hours. The extract is filtered through paper on a Buchner filter and the tissue washed 
with 7 p.c. trichloroacetic acid. The extract is then shaken four or five times with ether in a 
separating funnel until it is only faintly acid to congo. The extract is usually left at this 
stage in the cold room overnight. It is then concentrated at low pressure at about 40° 
until 1 c.c. of extract corresponds to 1-10 g. of tissue. This solution is made neutral to 
congo-paper and then used in the biological test. It was found that cooling the acid and 
tissue to 5° before disintegration resulted in no further increase in the yield, and the 
extracts have therefore been prepared at room temperature. 

It is known tbat the esterase which destroys acetylcholine is in¬ 
hibited by eserine, and it is therefore possible that, if eserine were 
injected into an animal before it was killed, larger yields of acetylcholine 
would be obtained from its tissues. However, it is improbable that this 
would be so when the tissue is disintegrated beneath the surface of a 
solution of trichloroacetic acid. The acetylcholine in a horse’s spleen 
appears to be stable until the tissue is disintegrated, and very little 
destruction can occur in the fraction of a second which elapses after a 
piece of tissue is cut and before the enzyme is inhibited by the trichloro¬ 
acetic acid. We have not adopted previous eserinization as a routine 
procedure because it was desirable that the extracts of tissues should he 
free from traces of eserine. On the one occasion on which an extract 
was made from the submaxillary gland of an eserinized dog, the yield of 
acetylcholine activity was below the average of all the results obtained 
with the submaxillary glands of normal dogs. 

Extracts prepared in the way described above contain large quantities 
of other pharmacologically active substances besides acetylcholine, and 
are only suitable for use in a biological test when the physiological 
reaction used in this test is one which is relatively little afieoted by such 
substances as potassium, histamine and adenosine compounds. For 
experiments with the frog’s heart it is necessary to purify the extracts 
further, and the methods which are used for this purpose may lead to the 
partial disappearance of acetylcholine. Thus, in recent papers, Plattner 
and Krannich [1932] describe experiments in which they used the 
frog’s heart to test quantitatively for acetylcholine in extracts of frog’s 
voluntary muscle. The tissue was extracted with acid alcohol and the 
extract was taken down to dryness on a water bath. The residue was then 
shaken with absolute alcohol and again filtered. This process was repeated 

18—2 
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several times and the final residue was taken up in Kinger^s solution 
and tested. It seemed to us to be unlikely that acetylcholine would 
survive repeated evaporation to dryness on a water batli, and W(j hav(‘ 
carried out an experiment to test this point. For this purpose we tested 
extracts of horse’s spleen in comparison witli acetylclioline, by means of 
the rabbit’s isolated intestine. The experiment was carried out in this 
way, because we know with certainty that the effect of this extract on 
this tissue is mostly due to acetylcholine. Two extracts were prepared- 
one by Plattner and Krannich’s method, and the other by the 
method using trichloroacetic acid, described above. Both extracts con¬ 
tained a substance which stimulated the intestine and which was easily 
destroyed by alkali, but the yield obtained by Plattner’s method was 
only about 1/30 of that obtained by the other method. We concluded that 
97 p.c. of the acetylcholine originally present in the tissue was lost in 
carrying out Plattner and Krannich’s method of purification. It is 
not, of course, possible to conclude from this that similar losses would 
occur when the same method of extraction is applied to extracts of 
voluntary muscle, and we therefore do not wish to suggest that the 
active principle studied by Plattner and Krannich was not acetyl¬ 
choline. Indeed, they present evidence that no other sxibstance hitherto 
isolated from animal tissues could be responsible for the effects which 
they observed. Nevertheless, we do not think that this method of ex¬ 
traction can give a reliable estimate of the original acetylcholine content 
of tissues. 

The biological testing of extkacts. 

A large number of different pharmacological preparations are affected 
by small doses of acetylcholine, and many of these are suitable for 
testing extracts of horse’s spleen, which contains so much acetylcholine 
that the presence of other substances does not affect the result. However, 
the extracts which we have prepared from other tissues did not contain 
these large quantities of acetylcholine, and some of the methods which 
we have tried have proved unsuitable because the effect of tissue extracts 
on them was largely due to substances other than acetylcholine. The 
difficulties encountered in using some of these preparations are discussed 
below. 

The frog^$ heart. 

Straub’s preparation of the frog's heart has been used by various 
investigators in testing extracts for acetylcholine. If a constant volume 
(say 0*1 c.o.) of different dilutions of the extract is added to the solution 
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{ca, 1 c.c.) in the cannula until a concentration is found which produces 
a definite decrease in the size of the beat, extracts can be compared 
quantitatively with reasonable accuracy (10-“20 p.c.) by giving the two 
solutions in alternate doses. Different hearts vary rather widely in their 
sensitivity, but it is usually possible by this method to detect doses as 
small as 0*01 y of acetylcholine, or less. The frog’s heart is also affected 
by a very large number of other substances which are known to be present 
in tissue extracts. Small quantities of acid produce an effect similar to 
that of acetylcholine, so that extracts must be carefully neutralized before 
they are tested. This introduces a further complication, since acetyl¬ 
choline is unstable unless the solution is kept slightly acid. Potassium 
(0-25 mg. XCl) produces an effect very similar to that of acetylcholine. 
An-increase in the size of the beat may be produced by calcium or 
histamine, or by some substance associated with various complex fats 
[Clark, 1913; Eggleton, 1926], and the presence of these substances 
might mask the presence of acetylcholine. Adenosine, adenylic acid and 
adenylpyrophosphate appear to have no effect on the size of the beat, 
but they slow the heart and may stop it altogether if they are not re¬ 
moved from extracts. 

Effects due to choline and its esters can be distinguished from effects 
due to any other substance known to occur in the body by the fact that 
they are antagonized by atropine. We have not found this test to be 
always easy to apply, because the sensitivity of the preparation to 
acetylcholine often decreases during the course of an experiment, even 
in the absence of atropine, when the preparation is treated with various 
tissue extracts. In any case it is impossible to carry out an assay of an 
extract for choline esters in the presence of significant quantities of the 
other substances mentioned, and this fact has led to the use of rather 
drastic chemical procedures for the removal of these undesirable sub¬ 
stances. We have already discussed the probability that some of the 
procedures which have been used may also remove a large proportion of 
the acetylcholine when it is present. 

Unknown substances may also interfere with the use of the frog’s 
heart in testing for acetylcholine. Evidence for this statement is shown 
in Eig. 1 which shows the effect of an extract of rabbit’s voluntary 
muscle which had been subjected to several stages of purification- The 
original extract had been made with trichloroacetic acid. This had been 
shaken with ether, and then taken down to a small volume. Nine volumes 
of alcohol were then added and the precipitate filtered off. The alcohol 
was removed from the filtrate, which was then treated with Reinecke 
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acid to remove cliolme and other bases. The filtrate was treated with 
silver sulphate to precipitate the excess of Reinecke acid, and then with 
BaClg to precipitate silver sulphate. Lastly an excess of sodium sulphate 
had been added to remove barium, and the solution was neutrali^jcd to 
litmus. The tracing (Fig. 1) shows that it contained a substance which 
inhibited the frog’s heart in much the same way as acetylcholine though 
its action persisted when the heart was rendered insensitive to acetyl¬ 
choline by means of atropine. The solution was also tested by means of 
the frog’s rectus as described below, and it was found to contain no 
detectable acetylcholine. A blank control (b.c.) was carried out which 
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Fig. 1. Frog’s heart (Straub’s method). M, Purified extract of voluntary muscle {0-25 g. 
tissue). A.M. The same after ashing. Blank control (reagents alone). A.O, 

Acetylcholine (0-05y). 

showed that the active substance was not derived from the reagents. 
We have at present practically no evidence as to the nature of the 
substance responsible for this effect, which we refer to as substance J2. 
It is shown in Fig. 1 that substance E is destroyed by ashing and is 
therefore not potassium. When an extract was boiled for 5 min. with an 
equal quantity of 22^ NaOH substance E was partially, but not com¬ 
pletely, destroyed. When the extract was similarly treated with HOI a 
smaller proportion of the activity was destroyed. When an extract was 
taken to dryness and shaken with absolute alcohol substance E was 
detected in the alcohol. 

The properties of substance E are such that we are unable at present 
to devise any simple method of removing it from extracts and leaving the 
acetylcholine intact. The procedures used byPlattner and Erannich 
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[1932], and discussed above, would be likely to preserve substance jB, 
and we do not know wby this substance did not inhibit the frog^’s heart, 
in their experiments, after atropinization. If this substance is present in 
frog’s muscles in as high concentration as in rabbit’s muscle it would 
certainly be expected to do so. Plattner and Krannich found that 
the effect of their extracts was abolished by atropine, that the active 
substance was destroyed by blood, and that acetylation did not increase 
the activity to such a large extent as that of choline is increased. Acetyl¬ 
choline is the only substance which is known to occur in animal tissues, 
and to have this combination of properties, and there is no reason to 
doubt that the effects observed by Plattner and Krannich were, in 
fact, due to acetylcholine. We have not investigated this point more 
closely, because we believe that the evidence already obtained clearly 
indicates that the methods used by Plattner and Krannich give a less 
reliable indication of the acetylcholine content of animal tissues than 
other methods described later in this paper. 

Rabbit's intestine and rabbit's blood-pressure. 

These two preparations, unlike the corresponding preparations pre¬ 
pared from cats, are very insensitive to histamine, and we have therefore 
tried to use them as test objects for acetylcholine. They have been found 
unsuitable owing to the difficulty of excluding the complicating effects of 
two groups of substances: 

(1) Adenosine and its derivatives which inhibit the intestine and 
depress the blood pressure. These substances can, however, be almost 
completely removed by taking advantage of the fact that they are 
insoluble in high concentrations of alcohol. 

(2) An unknown substance which we call substance P—some of 
whose properties have already been described [Euler and Gaddum, 
1931]. This substance depresses the blood-pressure and stimulates the 
intestine so that in these respects it simulates acetylcholine, but its 
effects are not abolished by atropine. 

Oafs denervated gastrocnemius. 

About a week after preliminary aseptic section of the sciatic nerve 
the cat’s gastrocnemius becomes sensitive to acetylcholine and other 
drugs allied to nicotine [Frank, Nothmann and Hirsch-Kauffmann, 
1922; Dale and Gasser, 1926]. This phenomenon may be used as the 
basis of a sensitive and specific test for acetylcholine in tissue extracts. 
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The following are the details of the technique which we have found to 
be most satisfactory. 


The preliminary, aseptic nerve section is performed under ether an^ostheaia a week 
before the experiment. The cat is then anaesthetized with chloralose and artificial respiration 
is applied. The last lumbar arteries and all lower branches of the aorta except the two 
external iliac arteries are tied. The denervated gastrocnemius is freed, and the femora! 


artery is tied immediately below it. The tension is 
recorded isometrically and the optimum initial ten¬ 
sion is determined at the beginning of each experi¬ 
ment. Warm Binger’s solution is made to flow 
continuously over the muscle, Eserine (0-2 mg.) is 
injected intravenously to increase the sensitivity, and 
atropine (5 mg.) is injected subcutaneously to abolish 
the vasomotor effects of acetylcholine, which are 
liable to cause variations in the response. Atropine 
does not affect the reaction under study. Injections are 
made into the base of the aorta through the central 
end of the external iliac artery running to the normal 
leg by means of the special device illustrated in Eig. 2. 
This consists of a small cannula into which is inserted 
a rubber cap, slit at top so as to act as a valve. In 
the figure a brass fitting, made from one of the 
needles supplied with the syringe, is shown inside 
the rubber cap. This was found to be a convenient 
addition to the apparatus, but in most of the experi¬ 
ments injections were made by fitting the nozzle of 
the syringe directly into the rubber cap. The dead 



space between the valve and the artery is only about 
0-05 C.O., and this is negligible if the volume of the 
injection is 0*5 c.c. or more. Small quantities of 



active substances which might remain in this space Fig. 2. Glass cannula for intra- 
are washed out by injecting saline in between each arterial injections, containing rub- 

main injection. Blood is rather liable to enter the 

, , ... , , fittings to receive xxozzlo of syringe, 

mouth of the cannula between injections and clot 


there. This tendency can be largely avoided by using cannulas whoso mouths are reduced 
to a hole so small as to be scarcely visible, but consistently satisfactory results have 
only been obtained when the cat has received a preliminary injection of lieparino. 
The main advantages of this type of cannula are that none of the injected solution is 
wasted except the quantity required to fill the inside of the rubber cap (about 0*1 o.c.) 
and that, if the cannula is fixed in a clamp, injections can bo'made without mechanically 
disturbing the cat. Injections can be made at intervals of about 5 min. In satisfactory 
preparations doses of 0*ly or 0*2y of acetylcholine cause consistent reactions under these 
conditions. 


Tte result of a comparison carried out in tliis way is shown in Fig. 3. 
The continuous straight line in this figure shows the effect that would 
presumably have been produced by 0'24y of aoetylcboline. It will be 
seen that 0*6 c.c. of the test solution bad less than this effect and 0*9 c.c. 
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kad more. The preparation is fairly sensitive and appears to be at least 
as specific as any other known test for acetylcholine. It is presumably 
unaffected by the presence of atropine in the extract tested. Its chief 
disadvantage lies in the fact that it is excessively laborious. 



Fig. 3. Cat. Atropine and Eserine. Tension of denervated gastrocnemius. Unknown 
solution, T, compared with a constant dose of acetylcholine. 


Frog's rectus abdominis and leech muscle. 

The frog’s rectus abdominis and the longitudinal muscle of the leech 
{Hirudo medicinalis) both provide sensitive and specific test objects for 
acetylcholine in tissue extracts. In both cases the preparation is speci¬ 
fically sensitized to acetylcholine by treatment with eserine, so that this 
drug may be used to distinguish acetylcholine from other substances 
which might be present in extracts. 

The action of acetylcholine on the frog’s rectus was first described by 
Eiesser [1921] and has since been widely studied, but has, apparently, 
not been used in the testing of tissue extracts. The muscle obtained from 
Rana esculenta is rather more sensitive than that obtained from R. 
temporaria, but either species can be used. 

The action of acetylcholine on the eserinized leech was first described by 
Fiihner [1918 a, 6]. The use of this preparation for the assay of extracts 
for acetylcholine was recommended by Minz [1932] while the present 
work was in progress. The reaction is unaffected by atropine and abolished 
by nicotine. In our experience the leech has not proved such a satis- 
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factory test object as tbe rectus, but it may be used with advantage to 
confirm the results obtained with the rectus, and as the two preparations 
have much in common it is convenient to describe them together. 

The bath we have used for both preparations contains 18 c.c, of 
Ringer’s solution at room temperature. The magnification was about 10 
and the tension about 3 g. wt. for the rectus, and more for the leech. 
The doses used were only slightly greater than the threshold dose. In 
both cases the action of acetylcholine is a very slow one, and we have 
found that two solutions of acetylcholine can he satisfactorily compared 
in a relatively short time by means of tbe following device. The drug 
dissolved in a volume of less than 0*5 c.c. is added to the bath and left 
in contact with the preparation for exactly 3 min. (or, with some pre¬ 
parations, exactly 2 min.). After this time the effect is usually not quite 
complete, but, nevertheless, the solution is changed and the preparation 
allowed to relax. If doses are added at a constant time interval of 10 min. 
the effect produced in the given constant time is regularly related to the 
dose, and can be taken as an index of the potency of the solution. When 
a small effect has been obtained with the extract on the normal prepara¬ 
tion, 0*2 mg. of eserine sulphate is added to the bath so as to give a 
concentration of eserine of about 10~®. This concentration is more than 
sufficient to give a nearly maximal sensitization to acetylcholine, but this 
sensitization takes about half an hour to develop. If the extract contains 
detectable quantities of acetylcholine its action is then very definitely 
increased, and a quantitative estimate of the acetylcholine equivalent of 
the extract is obtained by comparing it with a solution of pure acetyl¬ 
choline given in alternate doses. 0*2 mg. of eserine sulphate is always 
added to the bath after the solution has been changed. This is more 
satisfactory than adding the eserine to the main bulk of Ringer solution, 
because eserine is not very stable in high dilutions, except in the presence 
of acid. 

Pig. 4 shows the action of a series of substances on the frog’s rectus. 
12 mg. of KOI, 2y of acetylcholine and 2 mg. of choline produced, in 
this experiment, effects of roughly equal size, hut of very different shapes. 
These shapes are characteristic of these three substances. Potassium 
causes an initial twitch followed by a slow contracture, and acetylcholine 
differs from choline in that its effect starts more quickly and describes 
a curve which is more convex upwards. The last three effects were 
obtained after eserine had been added to the bath. The actions of choline 
and potassium were practically unchanged, while that of acetylcholine 
was increased. 
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The leech prepaxation difiers from the rectus preparation in the 
following aspects: 

(1) In our experience it was usually difficult to obtain a satisfactory 



Fig. 4. Frog’s rectus abdominis in 18 c.c. bath. First three doses—no eserine* Ij^st three 

doses 10”® eserine sulphate. 
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Fig. 5. Frog’s rectus abdominis. Eserine sulphate 10”®. E. Extract oi dog^a xight sub¬ 
maxillary gland. Bose in g. of tissue. A,0. Acetylcholine^ 

comparison with the leech because of wide variations in tte len^h to 
which the preparation relaxed when the drug was washed out. 

(2) Before eserine, acetylcholine has no effect on the leech, except in 
very large doses. After eserine the leech is slightly more sensitiv^e than 
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the rectus. A specially reactive rectus is then about as sensitive as an 
unusually insensitive leech. The effect of eserine on the leech is thus very 
much greater than its effect on the rectus, 

(3) Potassium causes aeon traction of the rectus, butarelaxation 
of the leech. The smallest dose which produces these effects is about the 
same in the two cases. There is thus no danger of confusing the effect of 



Fig. 6. Frog’s rectus abdominis. Eserine sulphate (I0“®) added between the two sections 
of tracing. Extracts of dog’s pancreas, lung and spleen. Bose in g. of tissue. 
A.C. Acetylcholine. 


potassium on the leech with that of acetylcholine, hut a large amount of 
potassium may mask the presence of a small amount of acetylcholine. 
In some cases where the suspicion has arisen that effects observed on the 
rectus were due to potassium, the suspicion has been confirmed by testing 
the extract on the leech. 

Histamine, adenosine, calcium, and the substances P and iJ discussed 
above, given in large doses, had no action on either preparation. 
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Fig. 6 shows a comparison carried out with an eserinized rectus. 
R represents an extract of a dog’s right submaxillary gland. The plateaux 
at the maxima of the effects represent the times during which the lever 
was arrested and the solution changed. In this experiment the volume 
of extract corresponding to 0*17 g. of gland was equivalent to something 
between 0*25y and 0*21 y of acetylcholine. 

Fig. 6 shows the result of some tests near the limits of the sensitivity 
of the method. The first three doses correspond to 3 g. of a dog’s pan¬ 
creas, lung and spleen. The small effects obtained were probably due 
to potassium. The preparations were now eserinized and it was found 
that the pancreas and lung contained some detectable acetylcholine-like 
substance, but the spleen did not. It was subsequently found that if 
the spleen had contained as much as 0*ly of acetylcholine per g. this 
quantity would have been detected in this test. 

The pharmacolog-ical difeerentiatiox oe acetylcholhsje 

FROM OTHER SUBSTANCES. 

The following special tests have been used to differentiate between 
effects due to acetylcholine and those due to other, substances. 

(1) If the action of an extract is increased by eserine this fact is in 
itself sufficient to justify the conclusion that the effect is not due to 
choline—or to any other substance, except acetylcholine, which is known 
to be present in tissues. This is certainly true for tests on the frog’s 
rectus and the leech, but eserine cannot always be used in this way when 
other pharmacological preparations are used. For example, it has been 
foimd impossible to apply sufficient eserine to potentiate a rabbit’s 
isolated intestine without producing a contraction due to the eserine 
itself, or, more probably, to potentiation of the action of a choline ester 
naturally present [Matthes, 1930]. 

(2) The activity should disappear rapidly when the extract is mixed 
with blood, but if the blood has been previously treated with eserine 
this reaction should be very greatly slowed. In applying this test it is 
sometimes found that the rate of destruction is different from the rate 
of destruction of pure acetylcholine under the same conditions. This 
observation does not in itself prove that the original effect was not due 
to acetylcholine, because it is possible that the rate of destruction is 
affected by other substances, such as choline, which may be present in 
the extract. 

(3) The active principle should be unstable in alkaline solution. If a 
portion of an extract is mixed with an equal volume of %N NaOH, kept 



268 


H. C. CHANG AND /. H. GADDUM, 


for 10 ram. at room temperature, and then neutralized, any acetylchoHne 
which it contains is destroyed, while choline is unaffected. 

(4) The choline content of the extract may be determined by acety- 
lating it and then comparing it pharmacologically with acetylcholine. It 
is possible to calculate, from the result of this test, whether the amount of 
choline originally present was sufficient to account for the action originally 
observed. Calculations of this type give no information about the active 
substance under study, except that it is not choline—a fact which can 
usually he proved by other simpler tests. 

(5) Many of the effects of acetylcholine are antagonized by atropine. 
Other effects are antagonized by nicotine. The extract should react to 
these drugs in the same way as acetylcholine itself. Tests of this kind 
have served to differentiate effects due to histamine, adenosine com¬ 
pounds, potassium, and the substances P and R discussed above. 

(6) When the activity of the extract is estimated quantitatively in 
terms of acetylcholine, using several different pharmacological tests, the 
same result should be obtained in each case. 

The last of these methods probably provides much stronger evidence 
for the pharmacological identification than any of the others. For 
example, it serves to differentiate acetylcholine from other choline esters. 
The fact that the different kinds of activity which these substances 
possess may vary independently is well known (see, for example, 
Simonart, 1932), but in order further to illustrate the point we have 
compared several different esters with acetylcholine by five different 
methods. The results of these experiments are shown in Table I in which 
the apparent activity of each ester is expressed as a percentage of that 
of an equimolecular quantity of acetylcholine. Each of these figures 
represents a comparison in which the substance tested and acetylcholine 
were given in alternate doses until doses were found which produced 
equivalent effects. We are indebted to Dr H. W. Dudley for specimens 
of most of these esters, and to Messrs Merck for the specimen of car- 
haminoyloholine. 

Sometimes the effects produced could not he satisfactorily compared, 
because the two substances described curves of quite different shapes on 
the drum. The figure obtained in such cases depends on the length of 
time the drugs are left in contact with the tissue, but usually the ratio 
measured in this way was approximately constant in any one experiment. 
In some cases the figure obtained was confirmed in a second experiment, 
hut the exact result probably varies with uncontrolled alterations in the 
conditions of the experiment. Matthes [1930] found that the activity 
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of p 3 rruv 7 lclioline on tlie rabbit’s intestine was 23 p.c, of that of acetyl¬ 
choline. In our experiments the figure was 14 p.c. Variations of this 
kind are probably inevitable, and the figures given in Table I cannot be 
expected to be always accurately true. These considerations do not 
detract from, but tend rather to enhance, the value of parallel quantitative 
tests, as a means of differentiating between acetylcholine and other 
esters. 

Ail of the esters given in Table I, except carbaminoylcholine, are 
active unstable substances whose effects on the rectus are increased by 
eserine to about the same extent as those of acetylcholine, and the first 
five of the special tests given above would probably not differentiate 


Table I. Showing the relative potency per molecule, of choline and some of its esters 
measured by different tests in comparison with acetylcholine, the potency of which 


is taken as 100 in each case. 


Rabbit 


-^ Frog’s rectus 

Blood- abdominis 


Substance 

Intestine 

pressure 

(depressor 

effect) 

f 

Normal 

^ ^ 
After 
eserine 

Leech 

(after 

eserine) 

Choline 

0-075 

0-005 

0-14 

0-035 

0-015 

Propionylcholine 

3-000 

4-000 

550-00 

450-000 

45-000 

Butyrylcholine 

0-240 

0 

90-00 

115-000 

90-000 

Valerylcholine 

0-200 

0 

25-00 

30-000 

0-900 

Glycollylcboline 

0-220 

0-250 

1-20 

1-000 

0-130 

Pyruvylcholine 

14-000 

10-000 

13-00 

13-000 

16-000 

Carbaminoylcholine 

80-000 

15-000 

18-00 

5-000 

12-000 


them. If, however, an extract containing one of these substances was 
tested in several different ways, there would in most cases be no difficulty 
in showing that its activity was not due to acetylcholine. Pyruvylcholine 
is exceptional in that the ratio of its activity to that of acetylcholine 
appears to be fairly constant, and it would probably be difficult to 
differentiate it by biological tests. 

We have not been able to obtain a satisfactory estimate of the 
activity of many of these substances on the normal leech, because the 
preparation is very insensitive until it has been treated with eserine, and 
the quantities of the esters available were limited. The preparation was 
sensitized by eserine to all these substances except choline. In most 
cases the sensitization was very marked, but in confirmation of Minz’s 
results [1932] we found that carbaminoylcholine was quite active on. the 
normal leech (about six times as active as acetylcholine), and its action 
was comparatively little increased by eserine. As Minz points out, 
these facts are probably due to the fact that carbaminoylcholine is not 
readily attacked by the esterase present in the tissue. 
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The potency of choline on the normal leech was found to be about a 
quarter of that of acetylcholine, so that this preparation would he^ uself^ss 
in testing for acetylcholine in tissue extracts, which always (contain a. 
large excess of choline. When treated with eserine, on the other luind, t!ie 
leech forms a valuable test object, which can be used in parallel with t!ie 
frog's rectus to test crude extracts. 

The results of some of our experiments on the rabbit's blood-pressure 
confirm some results obtained by Simonart [1932] in experiments on the 
cat’s blood-pressure. Simonart found that propionylcholine was a less 
active vaso-dilator than acetylcholine, and that butyrylcholine was less 
active still, but after atropine, when all three substances produced pressor 
effects, the order of their activities was reversed. In our experiments 
on rabbits the contrast between the dilator activities of these three 
substances was in the same direction, but more marked. Butyrylcholine 
showed no real depressor action because the initial small fall in blood- 
pressure which it produced was immediately complicated by a secoiulary 
pressor action, even in the absence of atropine. Valerylcholiru'. was V(‘ry 
similar to butyrylcholine in these respects. 

Our results with carbaminoylcholine on the rabbit’s blood-prtsssiini 
do not confiu:m those obtained by Kreitmair [1931] and Noll [1932], 
using cats. Noll injected carbaminoylcholine into a spinal cat whose 
blood-pressure was raised by the slow infusion of adrenaline, and found 
carbaminoylcholine to be about 1000 times as active as acetylcholine. 
In order to test the possibility that this discrepancy might be due to the 
use of a different technique, we have repeated Noll’s experiment, using 
a spinal cat and infusing adrenaline at about the same rate. In tliis 
experiment the activity of carbaminoylcholine was about 40 p.c,. of that 
of acetylcholine. We are unable to explain the discrepancy. Wo Imvc; 
obtained similar results in several experiments. Wc have l)een in (jorre- 
spondence with Dr Kreitmair and, in spite of his friendly assistancci, 
have been unable to find any explanation of the fact that we conBistcsntly 
find carbaminoylcholine to be less active than acetylcholine on tlm 
blood-pressure of the cat and rabbit, while he finds it to be more active# 

The appaeent acetylcholihe-oontent (a.c.-equivaueht) 

OP SOME TISSUES. 

Extracts have been made of a large number of tissues by the method, 
described above, and these have been compared with known solutions 
\t acetylcholine chloride by means of the eserinized frog’s rectus. The 
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acetylcholine equivalents, or apparent contents of acetylcholine cal¬ 
culated as the chloride are shown in Table II, 


(apparent acetylcholine chloride contents) 


some tissue extracts. 

Animal 
Horse. Ox 
Human 
Dog 


A.o.-equivalent 
(y g* tissue) 

4-30 

28 

1-9, 1*25, 1*5, 3-3, 
1-05, 3*3, 2'5, etc. 


Table II. a.o.- equivalents 
of 

Tissue 

Spleen 

Placenta 

Submaxillary gland 


Small intestine muscle 
Small intestine mucous membrane 
Small intestine 

Largo intestine 
Sympathetic nerve 
Auricle 
Bladder 
Stomach 

Parotid gland 

Suprarenal gland 

Pancreas 

Eye 

Foetus 

CEsophagus 

Uterus 

Brain k 

Vagina 

Ventricle 

Trachea 

Pancreas 

Lung 

Liver ^ 

Skin 

Skeletal muscle 
Blood 


Plasma 
Placenta 
Fat ^ 

Testis 
Kidney 
Diaphragm 
Mesentery 
Spleen , ; 


Cat 

1-5 

Dog 

2-6 

Dog 


Babbit 

4, 2-8 

Horse 

2-0, 1-8 

Dog 

2-0 

Horse 

1*3, 3-3, 3-9 

Dog 

1‘2, 1*3, 0*93, 1-9 

Dog 

1*2, 1-2 

Rabbit 

1*1, 1*3 

Dog 

0*7 

Cat 

0*9 

Horse 

0*6, 0-4 

Horse 

0*6 

Rabbit 

0*6 

Rabbit 

0*45 

Cat 

0*4 

Rabbit 

0*4 

fO-4 

0-3 

0*1, 0*07, 0*21, 0*35 

Dog H 

1 

0*2 

0*13, 0*22 

0*13 

lo-ii 

Rabbit 

0*1 

Horse 

0*08, 0-08, 0*06 

Rabbit 

0*06 

Horse 

0*05, 0*065 

Dog 

0*05, 0*05 

Ox 

0-08, 0*08, 0*06 

Horse 

Nil (<0*015) 

Rabbit 

Nil(<0*l) 

Dog 

Nil(<0-1) 


In every case in which a figure is given for the A.c.-equivalent the 
effect was Le to some substance, the action of which was increased by 
treating the preparation with eserine. In the case of those extracts in 
which no figure is given we can say with confidence that there cannot 
have been as much as 0-ly of acetylchohne per g. of tissue. Quantities 
smaller than this cannot always be detected with certainty by this 
pfi. txxix.' " ■ ' 19 
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metliod because it is necessary to use very highly concentrated cxtracte, 
and when crude concentrated extracts are made from some tissues tliey 
contain sufficient potassium to interfere with the test. 

In some respects these results conform with expe(;tation. Tlu^ tissm^s 
with the highest a. c,-equivalent are mostly tissues whose main aedavity 
is controlled by nerves which may be supposed to act by liberating 
acetylcholine, but there are certain unexplained anomalies. 

Blood. 

A separate discussion is published [Dudley, 1933] of the attempts 
that have been made to account for the fact that the results obtained in 
this laboratory fail to confirm the observation of Kapfhamin<^r and 
Bischoff [1930], that normal blood may contain large quantities of 
acetylcholine. By means of the frog’s rectus it has been possible to detcMst 
an acetylcholine-like activity of a very low order, correspomling to a 
fraction of 1 p.c. of the quantities found by the Freiburg workers. Although 
the other tests used would have been sufficiently sensitive to detect 
quantities of acetylcholine considerably smaller than those stated to be 
sometimes present, they were less specific than the test on the frog’s 
rectus and failed to detect any activity which could, with certainty, be 
attributed to acetylcholine. The following account is confined to a 
description of the results obtained with the frog’s rectus. 

In one experiment 200 c.c. of citrated jugular blood from a horse were 
centrifuged, and the plasma was poured off. A concentrated extract of 
this plasma was prepared by the method recommended above, using 
trichloroacetic acid. No activity could be detected in this extract, though 
the concentration of the solutions used was such that as little as 0d)l6y of 
acetylcholine per c.c. of original blood would have produced an effect 
if it had been present. 

A similar extract of the blood cells, also prepared by simple j>rcci|)i*- 
tation with trichloroacetic acid, appeared at first to contain about C)*4y 
of A.c.-equivalent per c.c. of blood, but the rectus was not senBitized to 
this extract by eserine, and the effect was probably largely due to 
potassium. Twenty volumes of absolute alcohol were added to the 
extract, the precipitate was filtered off and the alcohol removed in mono. 
The contraction of the rectus which the extract now produced was 
increased in the presence of eserine, though to a rather smaller extent 
than that due to acetylcholine, and the activity was equivalent to 0-065y 
of acetylcholine per c.c. of blood. Three extracts of ox blood prepared by 
Dr Dudley and purified according to Kapfhammex and Bischoff’s 
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metliod Iby means of Reinecke salt were also tested on tke frog’s rectus 
and contained activity corresponding to about 0-09, 0-08 and 0*06y 
acctylciioline per c,c. of blood. A record of the effect obtained in one of 
those experiments is shown in Kg. 7. It will be seen that, in this case 
also, the effect was increased by eserine, but not to the same extent as 
that of acetylcholine. This may be due either to the fact that the sub¬ 
stance in blood responsible for these effects was not acetylcholine, or 
that it was acetylcholine mixed with sufficient choline, or other sub¬ 
stances, to affect its action. The aurichlorides prepared from these 



t t I t t t 

0*5ccB. I^A.cIo^ccB. O-yyAC. OvS-ccB. 

3'jo 3-30 I 4 2.0 4-30 4'40 


pig, 7, Prog’s rectus abdominis. Eserine sulphate (10""®) added at 3.40 p.m. B. Purified 
blood extract (see text) concentrated 16 times. A.G. Acetylcholine. 

extracts also showed activity of the same kind. These results are very 
different from those reported by Bischoff, Grab and Kapfhammer 
[1931] who found in some cases as much as iOy of acetylcholine per c.c. 
of blood. 

The small quantity of A.o.-equivalent which we were able to detect 
in blood was removed by centrifuging, and was therefore bound in some 
way with the blood cells. It has been shown that, after a dose of eserine,- 
acetylcholine or some similar substance may be present in the blood in 
the submaxillary veins [Babkin, Stavraky and Alley, 1932], and in 

19—2 
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the portal veins [Feldberg and Rosenfeld, 1933J. In both cases tlio 
active substance must have been in the plasma. Tlu'^ coBt?eiitra.tioiiH 
detected in these experiments were of the same order as tlie concentra¬ 
tions which we have been, able to detect in normal blood by extraction witli 
trichloroacetic acid and alcohol. 

Voluntary muscle. 

In the experiments of Bischoff, Grab and Kapfhammer [1932] 
an extract of voluntary muscle from an ox contained as much as lf)4y of 
acetylcholine per g. of tissue. We have not tried, as in the experiments 
with blood, to imitate every detail of the experiments of these workers, 
but we have prepared ten extracts by different methods, suitalde for the 
conservative extraction of acetylcholine if present, from the musclcvs of 
the horse, dog, cat, rabbit and frog, and have never obtained evidence 
of more than O-Ody of A.c.-equivalent per g. of tissue. In this respect our 
results are similar to those of Plattner and Krannich [1932], 

Spleen. 

Dale and Dudley [1929] drew attention to the contrast between the 
large amount of acetylcholine contained in the spleens of horses and 
oxen, and its apparent absence from the spleens of dogs and other smaller 
animals. The reality of this contrast has now been confirmed by a more 
specific test. The extracts of dog’s spleen did not contain as much as 
0-ly of A.c.-equivalent per g, of tissue. 

Placenta, 

We have been able to confirm the observation of Bischoffelai!, [1932] 
that extracts of human placenta contain very large quantities of a 
substance pharmacologically identified as acetylcholine (28y per g. of 
tissue). The extract was prepared with alcohol and compared with 
acetylcholine for its action on a piece of rabbit’s intestine, and on the 
frog’s rectus abdominis. The results obtained in these two comparisons 
agreed quantitatively with one another. On the other hand an extract 
of rabbit’s placenta contained no detectable acetylcholine. 

The presence of these large quantities of acetylcholine in the Imman 
placenta is as difficult to relate to any known physiological function as 
that of similar quantities in the spleens of large ungulates. In neither 
case is it yet possible to offer any explanation of the presence of a high 
concentration of acetylcholine, limited to certain organs of certain species. 
We have not discovered any similar anomalies among the other extracts 
we have tested. 
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Suprarenal gland. 

The results of the tests of extracts of suprarenal gland are of rather 
special interest because the original investigation of the pharmacological 
properties of acetylcholine was undertaken by Hunt and Taveau [1909] 
because they had found that the vaso-dilator effects of extracts of supra¬ 
renal from which the adrenaline had been removed could not be entirely 
due to choline, and they believed that some simple derivative of choline 
might be partly responsible for the effects observed. Our conclusion that 
suprarenals contain a substance pharmacologically identified as acetyl¬ 
choline confirms the result of Minz’s experiments with leeches [1932]. 

Sympathetic nerves. 

The observation that extracts of a horse's sympathetic nerve appeared 
to contain large quantities of acetylcholine was surprising. In one 
experiment the estimate obtained on a frog's rectus was quantitatively 
confirmed in an experiment with an eserinized leech. In two other 
experiments attempts were made to discover whether the activity was 
more concentrated in the ganglia, or in the parts of the sympathetic 
chain between the ganglia. The ganglia are not very distinct structures in 
the horse, but the portions of the nerve immediately surrounding the 
point of entrance of the rami communicantes were dissected out and 
extracted separately from the rest of the nerve. The estimates of the 
A.c.-equivalents of the two extracts prepared in this way were, however, 
identical. 

It is known that acetylcholine has a marked action on sympathetic 
ganglia, and these results therefore suggested the theory that acetyl¬ 
choline might play a part in the normal transmission of impulses through 
ganglia. We have obtained no direct evidence in favour of this theory, 
but the recent work ofKibjakow [1933] seems to support it. Kibja- 
kow has shown that the stimulation of preganglionic fi.bres in the cat 
causes the liberation in the superior cervical ganglion of a substance 
capable of acting on ganglion cells. Our results suggest that this substance 
may be acetylcholine. 

Heart. 

The observation that extracts of mammalian auricles contain much 
larger quantities of A.o.-equivalent than extracts of ventricles confirms 
the conclusions of other investigators. Jen dr as sik [1923] found that 
watery extracts of rabbit's auricle stimulated an isolated rabbit's intestine 
while extracts of ventricle produced pure inhibition. Engelhart [1930], 
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workmg in conjunction with Plattner, found that the normai a.c*- 
eqiiivalent of an alcoholic extract of rabbit’s auricle, m measured on ii, 
frog’s heart, was about 4y per g,, while that of the ventrich* wa.H only 
0-13y pex g. These figures are of the same order as those rr^cordcMl in, 
Table IL This diflereiice between the auricles and ventricles wn-s fore*' 
seen by Engelliart on the grounds that the vagus has little or no direct 
action, on the ventricles, but only affects them as a secondary cjonscv 
quence of its action on the auricles [see Dale, A. S., 1930], 

Intestine. 

The results obtained with extracts of intestine had also been fore¬ 
shadowed. The intestine contains large quantities of choline. Choline 
has a powerful stimulant action on the isolated intestine, and acetyl¬ 
choline has the same action in about one-thousandth of the concen¬ 
tration. Le Heux[1919] found that the salts of various acids which 
form active choline esters also stimulated the rabbit’s intestine when 
added to the bath in which a piece of isolated intestine was suspeiuhui, 
and that this action was antagonized by atropine. He therefore sug¬ 
gested that the intestine was able to synthesize choline esters under these 
conditions. This conclusion was confirmed by much other evidence. 

More recently Feldberg and RosenfeM [1933] have found that 
the portal blood in an eserinized dog or monkey differs from systemic 
blood in containing a substance, pharmacologically identified as acetyl¬ 
choline. This substance did not occur in the blood in the splenic vein and. 
must have been derived from the intestine. 

It was therefore probable that a choline ester would be found to occur 
naturally in extracts of intestine. Evidence on this point cannot he 
obtained by testing crude extracts, except when a highly Bpecific. pharma¬ 
cological test such as that on the rectus or leech is used, b(‘oauB(*. tliosc 
extracts contain not only potassium, histamine and (dioliius, but also 
adenosine compounds and the substance P [Euler and Gadd um, 1931]. 

In order to confi.rm the conclusions reached from the experiments with 
the rectus, an extract was therefore purified by chemical methods 
calculated to remove these other active substances. This extract was 
originally prepared for other purposes from horse’s intestine without all 
the precautions that might have been applied to avoid partial hydrolysis 
of choline esters. An unknown loss therefore probably occurred before 
the first test was made, but the extract contained a substance unstable 
in alkali, and sufficient activity was present to enable the purification to 
be carried further. The original extract was in acid alcohol This was taken 
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down in vacuo at 40"^ to small bulk and defatted with ether. A large 
quantity of absolute alcohol was then added and the precipitate, which 
was inactive on the frog’s rectus, but which contained practically all of 
the substance acting like adenosine, was thrown away. The process was 
repeated until the extract could be taken down to dryness, and what was 
left of the activity (about 40 p.c.) was then dissolved in absolute alcohoL 
Platinum chloride was added. The filtrate from this contained no acetyl¬ 
choline, and all that was left (about 22 p.c.) of the substance acting on 
the frog’s rectus was in the precipitate. 

The base was liberated from the chloroplatinate by means of metallic 
silver [Dudley, 1929], and was tested on the frog’s rectus. The chloro¬ 
platinate was thus found to contain base corresponding in activity to 
0-115 p.c. of acetylcholine chloroplatinate. The extract was acetylated, 
and again tested on the rabbit’s intestine. From this result it would be 
calculated that the precipitate contained 8-4 p.c. of choline chloro¬ 
platinate, so that only about 1-4 p.c. of the total choline in the pre¬ 
cipitate was apparently in the form of acetylester. The efiect of the 
solution prepared from the platinum precipitate on the normal rabbit’s 
intestine was indistinguishable from the effect of the amount of acetyl¬ 
choline, which it had been estimated by means of the frog’s rectus to 
contain, but when atropine was added, the extract, when given in large 
doses, still had an action—^presumably due to the substance P [Euler 
and Gaddum, 1931], This substance was almost completely removed by 
washing the platinum precipitate repeatedly with absolute alcohol—a 
procedure which reduced its weight by 27 p.c. without any detectable loss 
of the substance acting on the frog’s rectus. The final precipitate was free 
of adenosine compounds and substance P, but presumably still contained 
histamine and large quantities of choline. It was tested on the rabbit’s 
intestine and in the rabbit’s blood-pressure and also by injection into 
the artery leading to a cat’s gastrocnemius, which had been rendered 
sensitive to acetylcholine by denervation a fortnight before the experi¬ 
ment. The four estimates of the amount of acetylcholine in this precipitate 
are given in Table III. 

The agreement between these results was considered satisfactory. 
The actions of this extra^pt, like those of acetylcholine, on the rabbit’s 

Table III. Estimates of the A.o.-equivaleut of a purified precipitate 
from horse’s small intestine. Parts per thousand. 


Prog’s rectus 0-90 

Cat’s gastrocnemius 0-76 

B/abbit’s intestine 0*80 

Babbit’s blood-pressure 0-84 
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intestine an,d blood-preSvSiire were abolished by o^tropiiie, while tlia.t on 
the cat’s gastrocnemius was not. The extract was treatitni with iiormnl 
blood and with eseriiiized blood, and then deproteinisscMl and [-(‘stcH'l on 
the frog’s rectus and rabbit’s intestine. Both t;y|)es of test showed tliat 
the active substance was destroyed by blood and that tlie dx^Htructiori 
waKS inhibited by eserine. This extract was not tested on tlie (^Hixrinized 
leech, or on the eserinijzed frog’s rectus, because it was prepartnl at an 
early stage of the investigation before these simple tests were known; Imt, 
nevertheless, the experiments which were performed provide strong 
evidence for the identification of the substance in extracts of intestine, 
which is mainly responsible for the action on the frog’s rectus, as acctyb 
choline. Pyruvylcholine is the only other substance in Tal;)le I wliich 
could have been responsible for these effects. 

Other extracts. 

Emphasis must be laid on the fact that in most other cases the only 
special test which was applied consisted in the observation that the 
action on the rectus was increased by eserine, so that the effect observed 
might have been produced by almost any choline ester. Indeed, the effects 
of extracts of dog’s bladder differed sufficiently in their time relations 
from those of acetylcholine to suggest that they may really be due to 
some other choline ester. An extract of testis contained some substance 
which produced a contraction of the rectus similar to tliat caused by 
acetylcholine, and equivalent to 0*4y of acetylcholine per g,; but as this 
effect was not increased by eserine it cannot have been due to acetyl¬ 
choline, or to any choline ester likely to occur in a tissue extract, and this 
figure is not included in Table II. This phenomenon, which was observed 
twice, was not observed with extracts of other tissues. 

The distribution of A.o.-equivalent shown in Table 11 m in uonm 
respects similar to the distribution of choline esterase sliown by the 
experiments of Plattner and Hintner [1930]. Thus extracts of in¬ 
testine, salivary glands, suprarenal, brain and uterus contained more 
than 0‘3y of A.c.-equivalent per g., and sufficient esterase to halve the 
concentration of acetylcholine in less than 10 min. under the conditions 
of experiment. Lung, ventricle, skeletal muscle and kidney contained less 
than these quantities of A.o.-equivalent and of esterase. On the other 
hand, blood and dog’s pancreas, liver and spleen, failed to comply with 
this classification. These tissues were all rich in esterase and poor in 
A.o.-equivalent. There were no tissues rich in A.o.-equivalent and poor in 
esterase. 
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Factoes AmmcTina the a-c.-equivalent of tissues. 

The most generally successful method of demonstrating the liberation 
of substances by nerves has consisted in stimulating the nerves to tissues 
bathed in salt solution, and then detecting the appearance of pharma¬ 
cological activity in the salt solution. Experiments of this kind provide 
no evidence as to whether the active substance is actually formed in 
response to the stimulus or merely liberated from a pre-formed store. 
Evidence on this point can be obtained by measuring the a. c.-equivalent 
of tissue extracts before and after stimulation of the nerves. Experiments 
of this kind have been carried out on the heart. Witanowski [1925] 
showed that stimulation of the frog’s vagus increased the a. c.-equivalent 
of the alcoholic extracts of the frog’s heart. Plattner [1926] found that 
the same phenomenon could be demonstrated in the ventricles of rabbits, 
dogs and cats. Englehart [1930] confirmed these observations, but 
emphasized the fact that in mammals the auricles contain very much 
more A.o.-equivalent than the ventricles, and that the largest increase 
occurs in the auricles. 

We have attempted to carry out similar experiments with the sub¬ 
maxillary glands, but have not succeeded in showing any marked and 
consistent change in the A.o.-equivalent of extracts when the chorda 
tympani was stimulated. 

In these experiments the dogs were anaesthetized with ether followed 
by chloralose. The chorda (nervus submaxillaris) was stimulated on one 
side for 30->60 min. and 15-20 c.c. of saliva were secreted. The glands were 
then removed and immediately minced under the surface of 10 p.c. 
trichloroacetic acid. The extracts were treated as described above and 
tested on the eserinized frog’s rectus. Within these limits the details of 
the procedure were varied in the different experiments in the hope that 
conditions would be found under which the stimulation would produce 
some recognizable change in the A.c.-equivalent of the gland. The results 
are recorded in Table IV. In the last of the experiments recorded in this 
table the dog had received an intravenous injection of 0*2 mg. of eserine 

Table IV. Showing the A.o.-eqmvalent of dogs^ suhmaxillary glands. Normal resting 
glands compared with those removed after stimulation of the chorda. 

y per g, of wet tissue y per gland 


--^ 

Besting 

Active 

A 

r 

Besting 

Active 

4*0 

4'0 

20 

19 

1-3 

1-5 

11 

12 

1*2 

hi 

8 

10 

2*5, 

2*5 , ^ 

, ' 14 ' ' 

17 
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sulphate per kg. There was no evidence that the A.c,“ec|iiiva!erit was 
affected by stimulation of the nerve in any of these experifneiits. 

Henderson and Rocpkc[1935] have made siniiljir experiments, 
and reached similar conclusions. These ;n‘,salts are, recordtH,! l>c‘e4Mise 
Beznak[1932] has obtained very diiferent nvsults. iiis ligiirc^s lor the 
total A.o.-equivalent of normal glands mostly li(‘. Ixdvwf^cni 0-2 and 0*4 y, 
and are thus much lower than ours. In some of his expenhuents <nx.tra(d;s 
of active glands had an action on the frog's he4irt corresi)onding to tcni 
times as much acetylcholine as the extracts of resting ghiiids, l)ut his 
highest figure for an active gland is still lower than our lowest figure for 
a resting gland. The reasons for these discrepancies are still uncertain, 
but we believe that they are connected with tlie fact tliat the frog’s 
heart is affected by a large number of substances in tissue extracts 
besides acetylcholine, and that some of these substances antagonistic 
to acetylcholine. 

We have also studied the effect, on the A.o.-equivalent of extracts of 
salivary glands, of the degenerative section of parasympathetii*. nerves. 
The chorda was divided and a portion of the chorda-linguaJ nerve was 
removed with aseptic precautions in seven dogs. At intirrvals varying 
from 24 hours to 69 days later the dogs were amesthetiised with ether 
and the suhmaxillary glands were exposed. The two glands were removed 
almost simultaneously and immediately placed each in a weiglied beaker 
containing 10 p.c. trichloroacetic acid, cut up with scissors, and weighed. 
The extract was then prepared in the usual way and tested against 
acetylcholine on the frog’s rectus in the presence of eserine. Tlie results 
of these experiments are shown in Table V. 


Table V. Showing the a.o. -equivalent of dogs’ aubtnaxillary glamiH. Normal glands 
compared with those removed after degenerative seetiou of tlun (dK>r<ia. 


Bays after 

y pw g. 

of wet tissue 


y per gland 

section 





of chorda 

Normal 

Benorvated 

Normal l')(jnervated 

1 

1-90 

0-90 

11 

5 

6 

1-25 

1-25 

12 

9 

13 

1-50 

0-75 

11 

r> 

14 

3-30 

2-40 

28 

19 

17 

1-00 

1-00 

11 

6 

44 

3-30 

1*30 

22 

7 

69 

2-50 

1-60 

28 

14 
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Sympathectomy I . . 

13 days previously! 

41 

25 

26 

Both glands 
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normal 
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In confirmation of earlier work [Langley, 1885; Bradford, 1888] 
we found that this operation caused a loss of weight of the gland. The 
mean loss was 18 p.c* db 5 (s.d. of mean). In every case the whole de» 
nervated gland contained definitely less A.c.-equivalent than the whole 
normal gland. In every case except two, the concentration was diminished. 
In the two exceptional cases, although an absolute loss of A.c.-equivalent 
occurred, the concentration of activity in the gland was apparently 
unafiected. In a control experiment in which both glands were normal, 
no significant difference in A.c.-equivalent could be detected. In another 
experiment the sympathetic nerve supply to the gland was interrupted 
by excision of the superior cervical ganglion. Extracts of both glands 
were prepared 13 days later, and again no significant difference in A.c.- 
equivalent could be detected. 

It is obvious, without calculation, that the section of the chorda 
caused a significant fall in the total A.c.-equivalent of the gland, but it is 
not obvious whether it had a significant effect on the A.c.-equivalent per g. 
The percentage fall of A.c.-equivalent per g. in each experiment was 
therefore calculated. The mean of these values was 33 p.c., and the 
probability obtained from Student’s table of that this represented a 
significant effect was between 0*98 and 0*99 [see Fisher, 1925]. There is 
thus very little doubt that denervation diminished not only the total 
A.c.-equivalent of the gland, but also its concentration. 

The change involved the loss of about half the activity and did not 
appear to be progressive after the fij:st 24 hours. Many of the nerve cells 
in the course of the secretory fibres of the chorda tympani lie in the 
submaxillary ganglion at the hilum of the gland, but others are scattered 
along the course of the nerve [Langley, 1898], so that it is probable that 
in our experiments some preganglionic and some postganglionic fibres 
were divided. In order to discover whether section of these two classes 
of nerve fibre would produce different effects, we have carried out some 
experiments on the parotid glands. The nerve cells in the course of the 
secretory fibres to the parotid gland are believed to lie in the otic ganglion, 
and these fibres can therefore be divided peripherally to the ganglion. 
These experiments were carried out simultaneously with two of the 
experiments recorded in Table V. The branch of the auriculo-temporal 
nerve which joins the branch of the facial nerve on the lateral surface of 
the masseter, was traced centrally to beyond the point where the nerve 
to the parotid gland leaves it, and excised: 13 and 17 days later the 
parotid glands were dissected out and extracted in the same way as the 
submaxillary glands. It was not found possible to remove these glands so 
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completely as to obtain a reliable estimate of their toi:'al A^c.-cHpiivahnit, 
and we contented ourselves with a comparison of tlie cotK^entrat-ioiiH. in 
the first dog the conceiitrationa of a. o.-equivalent in ihi^. norinal and, 
denervated glands WTj:e 0*6 and ()-24y per g., and in tlie. se(‘oiHl dt>g tfie 
corresponding figures were 0’3 and O-Tiy. In each, c^iiscn therefore, th,ere 
was a loss of about 60 p.c. of the A.o.-equivalent per g. of glaiud. dliis loss 
is not significantly different from that observed, in submaxilhrry glaficls, 
so that these experiments have failed to prove tliat tliere is a.ny differeticu* 
in the reaction of salivary glands to the degeiun!ative section of pre¬ 
ganglionic and postganglionic nerve fibres. 

Again our results stand in contrast to those of Beznak [1982] who 
observed no change in the A.c.-equivalent of the gland as a result of 
degenerative section of the nerves. 

Discussion* 

Acetylcholine cannot be present as such, freely diffusibh'. in tissues, 
in the quantities suggested by the pharmacological determination of the 
A.c.-equivalent of extracts. In the first place the concentration prese,nt 
would be more than sufficient to produce large effects on many of tlie 
tissues concerned. In the second place, the acetylcholine would he 
rapidly destroyed by choline esterase unless it were protected from this 
enzyme in some way. 

In explanation of these facts, it has been suggested tliat the substance 
whose concentration is measured in experiments of this kind is not a 
choline ester at all, but some- inactive precursor which is not attacked by 
the enzyme. An alternative theory is that the choline esti^r is present as 
such, but is stored in some special structure which prevents it from 
diffusing freely through the tissue. The fact that mincmig tlie tissue leads 
to the disappearance of A.c.-equivalent favours this Bccond theory, but 
whether this is true or not, the question of whether the motliods of 
extraction used are liable to cause the formation of choline esters from 
some inactive precursor cannot be decided at present. We do not yet 
know how choline esters are formed in tissues. 

The question as to whether the stimulation of the nerves causes the 
new formation of A.c.-suhstance, or merely liberates it, has already been 
mentioned. In the former case it might be expected that, after atimu- 
lation, the A.c.-equivalent would increase; in the latter case it should be 
diminished. There is some evidence, discussed above, of an increase of 
the A.c.-equivalent of the heart as the result of stimulating the vagus# 
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In the case of the snhmaxillary glands, there is as yet no conclusive 
evidence either way. Gibbs and Szeloczey [1932 b] found that stimu¬ 
lation for 30 sec. of the nerve to a dog’s submaxillary gland, perfused with 
salt solution, caused the appearance of 0*02-0*05y of A.c.-equivalent in 
the perfusion fluid. On re-injection this was sufficient to cause the 
secretion of about half the quantity of saliva originally secreted as a 
result of stimulating the nerve, and it is therefore probable that the total 
amount originally liberated in half a minute was not more than OGy. 
The results given above show that the total amount normally extractable 
from the gland is 10-30y, and this would clearly be sufficient to keep the 
perfused gland active for a considerable time. If these results are 
applicable when the blood supply to the glands is normal, it is clear that 
no very marked change in the A.c.-equivalent in either direction can be 
expected as the result of stimulating the nerve for periods of less than 
half an hour. In the experiments described above stimulation was 
continued for this period, and longer, without effect. This is not really 
surprising, since it is quite possible that the a.c. -substance was replaced 
as rapidly as it was liberated. 

Similar arguments may be applied to the heart. In an experiment 
of Witanowski’s [1925] an extract corresponding to only 1-3 p.c. of a 
single heart produced a very striking effect when applied to another 
heart. The fact that, even when the nerve has not been stimulated, these 
tissues contain such large quantities of extractable A.c.-substance tempts 
us to put forward the teleological argument that it is easier to suppose 
that the direct effect of stimulation of the nerves is the liberation of the 
active substance already present, rather than the addition of fresh 
activity to an already ample store. 

In the experiments shown in Table V, the A.c.-equivalent of the 
whole gland was approximately halved as the result of degenerative 
section of the chorda. This might be due to the degeneration of the 
hypothetical structure which contains the A.c.-sxxbstance, but if this is 
so, the effect is surprisingly rapid in appearance and surprisingly in¬ 
complete. It is also possible that the A.c.-equivalent is normally kept 
up by nerve impulses passing down the chorda, and that when these 
impulses are cut off, the production of A.c.-substance still continues, 
but at a slower rate. In any case these results show that the paral 3 rtic 
secretion which occurs after section of the chorda is not due to an excess 
of A.c.-substance in the gland. 
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SUMMAEY. 

L Pharmacological methods for detecting oliolinc^ (‘stens in thsHiie 
extracts are discussed. The most satisfactory test ol>j(‘e;ts iire t lie frog's 
rectus abdominis and the longitudinal muscle of th(^ leech. 

2. Many choline esters can only be distinguished pluirnnu'ologic.ally 
from one another by carrying out several assays by diflVrent tnetliods 
and comparing the results quantitatively with one anotluu'. 

3. An unidentified substance [R) occurs in some ('xtracts, wlucli 
produces an effect on the isolated frog’s heart superficially simila,r to 
that of acetylcholine, hut not affected by atropine. 

L The apparent acetylcholine chloride contents (Auc-equivalents) of 
a number of tissues have been measured. The finding by Ku/p f h anuner 
and his co-workers of large quantities of acetylclioline in blood a.nd other 
tissues has been confirmed only aws regards the human placumta. In otlu^r 
cases the amounts detected have been comparatively small In this 
respect our conclusions agree with those of most other workers. 

5. Degenerative section of the parasympathetic nerves to salivary 
glands causes the disappearance of about half of their A.o.-cMjuivakmt 
in 24 hours. 

6. Methods of confirming the pharmacological identification of 
acetylcholine are discussed. There is no reason to doulit that most of tlie 
extracts which we prepared did actually contain acetylcholine. 

It is a pleasure to acknowledge the help which Dr H. W. Dudley 
has given us in this investigation. 
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INSULIN AND ADRENALINE. 
By M. W. GOLDBLATT^ 

{From the Sherrington School of 'PhgdoUnpjy 
St Thomases Hospital, Jjomlon,) 


The suggestion lias been put forward recently that certain (effects 
following the administration of insulin to the intact animal might be clue 
to the secondary secretion of adrenaline (Cori [1931], Oorkill [H13i)]). 
Whilst the evidence appears good that the secretion of adrcmalinc is 
stimulated when the blood sugar falls to hypoglycuBmic levels, BUcli a 
view would suggest almost as a corollary that certain effec^ts of adrena¬ 
line might be due to insulin and that, as far as the intact animal is 
concerned, an impasse would be reached in elucidating the c^Bsential 
actions of these hormones. These matters become particularly involved 
when it is found that certain results of the injections of both adrenaline 
and insulin appear to be identical, at least qualitatively. Thus, both 
hormones can, under properly controlled conditions, produce an accumu¬ 
lation of glycogen in the liver of the starving young rabbit (Oorkill 
.[1930], Sahyun and Luck [1929], Bischoff and Long [1930], Gold- 
blatt [1929]). This efiect was found by some workers to be accompanied 
by a loss of muscle glycogen in both oases. 

General agreement has been reached that itiBuliri stimulates the 
peripheral oxidation of carbohydrate, and there appears to be good 
evidence that adrenaline depresses it. This latter view 'is based on the 
fact that considerable and long-lasting hyperglyc®mia can be produced 
in the presence of small quantities of hepatic glycogen,' sucii hyper- 
glycsemia in the uninjected animal requiring the infusion intravenously 
of amounts of glucose far in excess of that available in the liver. It is 
therefore concluded that two factors make persistent adrenaline-hyper- 
glycsemia possible, viz. inhibition of peripheral oxidation and resynthesis 
of the products of the breakdown of peripheral glycogen when they 

, ^ III' receipt 'of a part'4im© grant from tb© Medical Eesearoh OotmcIL 
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reach the liver, so that, provided no loss occurs by way of the kidneys, 
there is a cycle of changes which sustains the blood sugar above normal. 
The claim that certain effects of insulin are due to adrenaline is par¬ 
ticularly directed to those effects which do not accord well with the 
generally accepted view of the action of insulin. There is no doubt that, 
in the intact animal, the effects obtained at any moment from any 
treatment with a hormone is necessarily complicated by the simultaneous 
action of other internal secretions. Even the injection of an excess of 
one hormone does not remove the difficulty of quantitative interpre¬ 
tations. The conception of homoiostasis implies that the internal ad¬ 
justments in the organism make the intact animal unsuitable for the 
investigation of the essential action of hormones. Qualitatively, however, 
much can be obtained by the use of the intact animal. For example, no 
complication of the action of adrenaline by the secondary secretion of 
insulin could explain adrenaline hyperglycsemia, nor could the rise in 
oxygen utihzation and r.q. following the injection of insulin be regarded 
as due to the simultaneous action of adrenaline. In the majority of 
animals the effect of insulin is to deplete the hepatic glycogen, even 
when the animal is actively absorbing sugar. Now insulin without doubt 
brings about a deposition of glycogen in the liver of the depancreatized 
or phlorizinized animal, but it would not be suggested that this is due 
to a secondary secretion of adrenaline. Indeed such secondary secretion 
might be invoked to explain those cases in which insulin depletes liver 
glycogen, this hormone being of importance in making the glycogen 
available for the increased oxidation produced by the insulin. A view 
which has not received attention is that increased peripheral oxidation 
might reasonably stimulate the endogenous formation of glycogen in 
the liver. 

The questions which will be considered in this paper are: 

(1) Is the redistribution of glycogen in young rabbits after the 
injection of insulin similar to that after the injection of adrenaline? 

(2) Is the loss of muscle glycogen after insulin sufficient to account 
for the increase in liver glycogen which occurs in the same conditions? 

(3) Is the action of insulin in these animals associated with a definite 
increase in blood lactate, the latter being regarded as evidence of the 
secondary secretion of adrenaline? 

(4) Can the effect of insulin be dissociated from that of adrenaline 
by means of ergotamine or iodoacetic acid? 


PH. LXXIX. 


20 



288 


M. If. GOLDBLAm 


ExPERIM'ENTAL. 

Glycogen was estimated by a modification of IMliiger's mei.liod, 
similar to tliat described by Lovatt Evans and his {?(»-workm“H [1031 
The lactate in blood was estimated by the mcdbod of ,Eried/inann, 
Cotonio and Shaffer and blood sugar by Maclean*H intd'JuxL 

The animals used in these experiments were mainly young Tabl)its. 
The results were compared for litter mates only and, unless otherwise 
stated, the values for muscle glycogen represent those for mixed sampltm 
taken from all four limbs. Where values are given for the total glycogen 
in the animal, liver and muscles only are meant, the aBsuniption bcung 
that the muscles constitute about 5()p.c. of tlu^. body weight. All 
estimations of tissue glycogen are subject to some doubt if nderred back 
to the living animal. The recent findings of Anderson and Macleod 
[1930] indicate, however, that the rate of loss of glycogen from the 
muscles post-mortem is very slow if the muscles are uninjured. To test 
this point in young rabbits they were killed by a sharp blow at the base 
of the skull, extended and the lumbar spine transected immediately. 
The gastrocnemius, tibialis anticus and vastus internus were carefully 
dissected out from the right limb and worked up for glycogen; the 
animal was left at room temperature (unless otherwise stated in the table) 
and the corresponding muscles on the left side removed after the times 
stated in Table 1. As Anderson and Macleod found in cats, there is a 
definite discrepancy between the glycogen of the muscles both on the 
same side and on opposite sides, but the averages are very close. As is 
seen in Rabbit No. 6, injury to the musclews leads to marked loss in 
glycogen. Rather a large loss occurred in No. 7 when tlie limb was kept 
immersed in saline at 37*^ 0. It is also seen that the effect of adrenaline 
on mnsole glycogen ceases immediately after death. It is cleat tliat 
reliance may be placed on glycogen values for muscle even, up to an hour 
after death, provided that (I) averages are taken, (2) the muscles are not 
injured, and (3) the temperature' be kept well below body temperature. 

As to the loss of liver glycogen after removal of the liver from the 
body, Lovatt Evans et al [1931] have shown that, when kept at room 
temperature, the sliced liver loses 5 px. of its glycogen in 1 mio.. and 
40 p.c. in about 8 min., after which the rate of loss is very slow. In 
similar experiments we have found a similar rate. In the experiments in 
this paper the liver samples were in the hot potash in about a minute 
after removal from the so that it was not considered necessary to 
correct. 



INSULIN AND ADRENALINE. 


289 


Table I. Poat-inortom, changes in glycogen content of mammalian mnsole. 


Rabbit 

Wt. 

Right 

p,c. 

Left 

Remarks and time between 

No. 

kg. 

p.c. 

muscle removal 

1 

1-26 

0*177 

0-165 

1 hour 



0*206 

0*211 




0*190 

0*231 




Av, 0*191 

Av. 0*202 


2 

1-50 

0*211 

0*332 

1 hour 



0*251 

0*208 




0*185 

0*159 




0*219 

0-233 


3 

1*35 

0*139 

0-093 

0*25 mg. adrenaline intravenously 



0*114 

0-065 

2 min. before death 1 hour 



0-151 

0-126 




0-135 

0*095 


4 

1‘65 

0*202 

0-140 

As in Ho, 3 



0*189 

0*161 




0-117 

0*175 




0-169 

0-155 


5 

1-65 

0-368 

0-408 

0*6 mg. adrenaline intravenously 



0-396 

0*461 

2 min. before death J hour 



0*348 

0*457 



0-371 

0-442 


6 

1-00 

0*639 

0*450 

Muscles on left side were bruised 



0*534 

0*394 

1 hour 



0*397 

0*451 




0-523 

0*432 


7 

1-20 

0*323 

0-250 

Left limb kept at 37° 0. after 



0-262 

0-154 

death 1 hour 



0-234 

0-199 




0-276 

0*201 



The effect of adrenaline on glycogen distribution in young rabbits. 

The suitability of these animals for comparative work on glycogen 
distribution has been demonstrated by the present writer [1929]. It is 
important that such comparisons be made between litter mates, pre¬ 
ferably bred in captivity. All the animals we have used have been so 
bred. A specially constructed light wooden collar was used during 
starvation of the animals, to make ingestion of faeces impossible, ISTo 
difficulty has been found in obtaining animals with empty stomachs in 
this way if the diet during a day or two before the experimental period 
was somewhat restricted. In Table II are given, the results of sub¬ 
cutaneous injection of adrenaline into these animals after starvation for 
various periods. 

It is seen that in the starving young rabbit there is a considerable 
uniformity in the total glycogen per unit mass, even after greatly varying 

20—2 
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Table IL Efitect of adreaalino on glycogen (liat.ribution iii young nihhitH* 


(,Uycog(ui 







^ -- 

-- . 





of 



Blood 







Biar“ 



Hugai’ 



g./lOOg. 



Littor 

vaAion 

Auitiuil 

Wfc. 

lag./ 

Livor 

MuhcIo 

body 

Dohc! [ii,rui tiaic ol 

No. 

((iays) 

No. 

3^* 

100 c.o. 

p.o. 

p.o. 

wtu ad'.ioa of adjHUUuioo. 

1 

2 

1 

587 

175 

0-55 

0-41 

0*22 1 





2 

675 

120 

0*50 

0*36 

0*20 J 

Vy V* A11* *11 * JL 

3 liotirn 



3 

653 

360 

0-75 

0*24 

0*14 

0*2 



4 

640 

390 

0*26 

0*16 

0*09 

0*3 

3j- 



5 

660 

380 

0*32 

0*35 

0*18 

0*4 „ 

31 ,, 



6 

677 

360 

0*37 

0*21 

0*11 

0‘5 

4 

2 

2 

1 

2 

785 

767 

156 

102 

0*31 

0*27 

0*34 

0*27 

0*18 

0*14 

j- Ct)atrol 




3 

615 

340 

0*28 

0*26 

0*14 

0*5 mg. 

3,1 hours 



4 

775 

300 

0*60 

0*18 

0*11 

1*0 




5 

710 

364 

0*43 

0*15 

0*18 

I’O 

H 



6 

853 

330 

0*16 

0*15 

0*08 

2*0 „ 


3 

2 

1 

495 

200 

0*52 

0*26 

0*15 

1 




2 

432 

109 

0*50 

0*26 

0*14 

I* Ooutrol 




3 

437 

41 

TOO 

0*38 

0*25 

liiHulin 1 

.2 units in 6 









doii^C'.s ovei’ 6 hourn 



4 

485 

171 

0*29 

0*18 

0*11 

I’O mg. 

repeated 









after 2] 

rir. 25 min. 










6 hours 

4 

3 

1 

445 

77 

0*41 

0*36 

0*19 

Control 




2 

408 

— 

0*15 

— 

— 

0*2 mg. 

IJ hours 



3 

457 

350 

0*26 

0*19 

0*10 

1*1 mg.: 

in 4 doses 









4| hours 

5 

5 

1 

550 

95 

1*30 

0*33 

0*20 

Control 




2 

518 

264 

0*24 

0*28 

0*15 

1*1 mg. 

in 4 doses 










4i hours 



3 

490 

350 

0*35 

0*27 

0*15 

As in 2 


periods of starvation. The average of the controls was 0*18 ±0*04 g* 
per 100 g. animal, whilst the average for the animals injected with 
adrenaline was 0*13 ±0*05. We have introduced in Litter 3 an animal 
injected with large doses of insulin in order to illustrate the vastly 
different effect produced in these animals by this hormone. Tiie average 
weight of these rabbits is about 500 g. and the average loss of glycogen 
per 100 g. is about 0*05 g., i.e. an average absolute loss of about 0*25 g. 
per animal. There is no reason to believe that this is brought abotit by 
increased oxidation or by loss in the urine (very little urine is as a rule 
excreted in these experiments). We are led, therefore, to the probability 
that there is a storage of the degradation products of glycogen actually 
in the tissues after the injection of adrenaline. Whilst the acute effect of 
adrenaline is a loss of both liver and muscle glycogen, the process of 
recovery is a peculiar one. It has been known from the time of Claude 
Bernard that muscle glycogen does not produce glucose but lactic acid. 
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Hence, loss of muscle glycogen is due either to increased oxidation or to 
increased formation of lactic acid. That adrenaline produces an increase 
in circulating lactate has been shown by several workers, notably by 
Cori. Since it is known that lactic acid can give rise to hepatic glycogen, 
the following cycle of changes is taken as occurring after the injection of 
adrenaline: 

Muscle glycogen ->• Lactic acid -> Hepatic glycogen -> Blood glu¬ 
cose -> G-lycosuria if threshold is exceeded. 

Using rats which (a) had very small initial liver glycogen values, and 
(b) were injected with small doses of adrenaline, Cori found that the 
liver glycogen was very considerably increased and the muscle glycogen 
fell. Poliak [1909] had already observed that such an end-effect could 
occur after adrenaline injected in large and repeated doses during 
starvation. 

The following is an experiment on the same lines as Poliak’s: Two 
rabbits from the same litter were starved for 3 days and then for a 
further 2 days, during which one of them received injections of adi*enaline 
and the other was kept as control. The injected animal received 2 mg. 
adrenaline a day and at the time of death had excreted 1*5 g. glucose. 
On analysis the control gave a blood sugar of 0-056 p.c. and a liver 
glycogen 0-30 p.c.: the injected animal gave a blood sugar of 0*40 p.c. 
and a liver glycogen of 2-5 p.c. 

More recently Corkill [1930], using small doses of adrenaline, de¬ 
monstrated the same effect in young rabbits. Sahyun and Luck [1929] 


Table III. 




Blood 

_ 


Glycogen 

Time 

after 

adrezia- 



f 

Sugar 

% 

Lactato 

r 


Total 

Babbit 

Wt. 

mg./ 

mg./ 

Liver 

Muscle 

g-/100 g. 

line 

No. 

g* 

100 c.o. 

100 c.c. 

p.c. 

Controls 

p.c. 

body wt. 

hours 

1 

775 

117 

76 

0-490 

0-158 

0-096 

_ 

2 

800 

113 

87 

0-859 

0-126 

0-092 

— 

3 

950 

102 

71 0-489 

Adrenaline 0*15 mg. 

0-187 

0-106 
Av. 0-097 


4 

875 

150 

63 

1-058 

0-101 

0-108 

2-0 

5 

800 

216 

93 

1-524 

0-101 

0-103 

2-2 

6 

950 

164 74 1-352 0-144 0-120 

At. 0-110 

Adrenaline 0-15 mg. and pituitrin 1 c.o. 

2-4 

7 

750 

213 

89 

1-457 

0-079 

0-092 

2-3 

8 

900 

177 

79 

1-920 

0-083 

0-112 

2-5 

9 

800 

187 

111 

1-528 

0-094 

0-103 
Av, 0*102 

2-7 
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found that 1 mg. of adrenaline produced a rapid fall in tlie glycogen o£ 
the liver and the muscles, the former recovering and attaining ve.ry 
high values, whilst the latter remained at extreim^ly low levels for n-s 
long as 42 hours. This must mean that the lactic acid prodiu^ed fi'oin tlie 
muscle lies dormant until such time as the liver is a’hlc to work it up to 
glycogen. If, however, small doses of adrenaline are used it is 'possible 
to obtain an almost quantitative redistribution of glycogen from the 
muscles to the liver in between 2 and 3 hours. This is shown in Table IIL 

The effect of a non-glycosuric dose of adrenaline. 

A litter of nine young rabbits was starved for 24 hours. Three were 
taken as controls, three received 0*15 mg. adrenaline subcutaneously and 
the remaining three received 1 c.c. pituitrin and 25 min. later 0*15 mg. 
adrenaline. The last three animals were so injected to see if, as has 
been stated by some workers, pituitrin exerts an antagonistic effect on 
adrenaline hyperglycaemia: such an effect was not found. 

It is clearly seen that, with this dose of adrenaline, there was no 
loss in glycogen, a quantitative redistribution having occurred (Table HI). 

Time factor in the resynthesis of liver glycogen. 

The time factor in the glycogen redistribution is shown in Table IV, 
where it is seen that the fall in muscle glycogen after 0*5 mg. adrenaline 
had reached a maximum in about 1|- hours and from that time on the 

Table IV, Litter of five young rabbits. 48 hours’ starvation before injetitioii. 


Glycogen 


Rabbit 

Wt. 

Blood 

sugar 

/- 

Liver 

Muscle 

Total 

g./100g. 

Dose of adreualino 

No. 


mg./lOO e.o. 

p.c. 

p.o. 

body wt. 

and time of action 

1 

942 

380 

0-51 

0*28 

0-16 

0-6 mg. 14 hours 

2 

985 

139 

2-87 

0*23 

0*20 

» " 4| „ 

3 

865 

126 

2*69 

0*29 

0*24 

12 „ 

4 

980 

129 

1*14 

0*28 

0*18 

„ 18 ,, 

5 

666 

152 

2*63 

0*35 

0*26 

»» 24 ,, 


products of the breakdown of glycogen were being resynthesi^aed in the 
liver, the rate of glycogenolysis in the liver having become normal in 
about hours. 


Summary of experiments on the effect of adrenaline. 

We find that the end«effect of adrenaline depends on the dose and the 
time of action. With a large enough dose the effect in young rabbits 
even up to 3 hours after the injection may be loss of glycogen from both 
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,the liver and muscles, but after tHs time tbe liver glycogen recovers and 
far exceeds tbe initial value although the muscle glycogen may fall no 
further. This is clearly due to a lag between the liberation of the products 
of the breakdown of muscle glycogen and their resynthesis in the liver. 
With a suitable smaller dose of adrenaline the glycogenolytic effect in 
the liver may be so slight that resynthesis proceeds so rapidly that 
quantitative redistribution is attained in a relatively short time. This 
would involve the resynthesis of the glucose liberated from the liver 
when it reaches the muscles, an effect which is usually associated with 
the action of insulin. 

We proceed now to present results illustrating the effects of insulin 
in these animals and to examine how far it is justifiable to consider that 
adrenaline, secondarily secreted, is responsible for them. 


The action of insulin in young rabbits. 

The injection of insulin is followed by an increase in the peripheral 
oxidation of carbohydrate and in the majority of normal animals this 
leads to a loss in both muscle and liver glycogen. Oorkill [1930] found 
this to be the case in several different species. To his list of animals we 
may add the guinea-pig with which the results in Table V were obtained. 
Ten small guinea-pigs were starved for 24 hours. The muscles used for 
glycogen estimation were the tibialis anticus and the gastrocnemius; 
usually about 2 g. could be obtained. 

The results shown in Table V are puzzling. The effectiveness of the 
insulin is clear from the blood-sugar values. No significant change in the 


Tablb V. Young guinea-pigs starved 24 hours. 


Glycogen 

A 




Blood 

--^ 

A 



Babbit 

Wt. 

sugar 

Liver 

Muscle 

Bose of insulin and 

No. 

g- 

mg./lOO 0.0. 

p.c. 

p.o. 


time of action 

1 

214 

135 

0'440 

0*619 

1 

I 

2 

258 

144 

0*366 

0*619 


1 

3 

600 

97 

0*312 

0*552 

1 

1 

^ Controls 

4 

550 

85 

0*292 

0*631 


i 

5 

350 

58 

0*509 

0*310 

J 

1 

6 

183 

47 

0*457 

0*412 


1 unit 3 hours 

7 

287 

27 

1*074 

0*377 


14 „ 34 „ 

8 

550 

35 

0*365 

0*770 


14 .. 24 „ 

9 

650 

60 

0*396 

0*559 


1 „ 34 „ 

10 

400 

0 

0*412 

0*681 


2 24 „ 



Averages: Controls 

0*384 

0*546 



Treated animals 

0*408 

0*559 


(Anomalous liver value for Ko. 7 omitted in average.) 
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liver or muscle glycogen was found in spite of a fall in average, blood HUga.iv 
from 104 to 34. Further study of this species will be ne(‘cssary. 

It is, however, with the young rabbit tliat the* striking jun! 5i.ppa.reni-ly 
paradoxical action of insulin is observed, viz. a, v<n*y nnirked i!u*.rt*a,s<*. in 
liver glycogen, which exceeds any Joss which may sirnuHisineoiisly occnir 
in the muscles. In Table VI are shown the results in a typica.l cnxperiuMnit. 
Calculated in the usual way, the average total glycogen p(*i* 1.00 g. l) 0 (ly 


Table VX. A litter of eight young rabbits Htarv’'eU for fiours. 
The dose of insulin was 1 unit injected suheutaneously. 

Blood Glycogen 


Babbit 

Wt. 

r 

Sugar 

mg./ 

Lac.tatc 

mg./ 

Ijiver 

M'liBrlo 

Total 
g./JiH) g. 

Tittup of 

No. 

g- 

100 c.o. 

100 o.c. 

p.c. 


body wL 

action 

1 

800 

168 

44 

0-549 

0-202 

0-118 

) 

2 

625 

156 

37 

0-552 

(ri98 

0-U6 

,* OontrolH 

3 

700 

143 

53 

0-613 

0-181 

0-110 

) 

4 

825 

88 

63 

1-H04 

0-130 

0-1.30 

hr. min. 

I 50 

5 

750 

106 

50 

2-647 

0-139 

0-150 

2 10 

6 

800 

84 

68 

5-042 

0-141 

0-245 

2 55 


775 

96 

44 

2-824 

0-L29 

0-162 

3 15 

8 

725 

106 

68 

3-426 

0-098 

0-166 

3 30 


weight for the controls in Table VI is 0-115 g. and for the injected animals 
0-171 g. Certain workers, confirming the increase in liver glycogcui here 
demonstrated, attribute it to the secondary secretion of adrenalitie. It 
will be seen in Table VI that the blood sugar of the injected animals 
was at an average normal level, this being due to the fiict tliat tliis 
litter was of the kind, sometimes met with, in winch, tlie blood sugar is 
high. Can we on tbe basis of the blood sugar (Jousider tlia.t adnvnaline 
was being secreted at a rate sufFicient to a(5(*mm,t for the liver glyt^ogiuid 
In tbe dog the secondary S(icretion of adrenaline, ocemrs fm/Ctirditig to 
Houssay, Lewis and Molinelli[1924Jata blood-sugar level ofO-Obp.cL, 
and according to LaBarre and HoiisBa [1932] at 0-075 pdu Th.e rai)l)it 
does not lend itself to determinations of this sort, l>ut it is iinprobable 
that the critical level is as high as that of the injected aninmls in tliis 
experiment. On tbe other band, the average blood lactate rose from 
45 to 59, which might be regarded as slight evidence of an increased 
secretion of adrenaline; but Matakas [1932], in a recent paper, reports 
that tbe rabbit is not reliable in this connection. Averages from young 
litter mates are, in our experience, reasonably reliable. 

Tbe decisive experiment would be to observe the effect of insulin in 
the adrenalectomized young rabbit. We have, after many attempts, 
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failed to obtain clear results by this method, since the animals do not 
survive the operation for a sufficiently long time. 

Two other ways of attacking the problem seemed possible, viz. by 
using ergotamine and iodoacetate. The former is known to inhibit 
adrenaline hyperglyomnia, and might conceivably act similarly on the 
peripheral liberation of lactate. If it did so, then it might be possible to 
dissociate the characteristic effects of adrenaline from those of insulin. 
Iodoacetate is known to prevent the post-mortem liberation of lactic 
acid in muscle and might, in adequate dose, prevent the liberation of 
lactic acid produced by adrenaline in the living animal. 

Ergotamine and the action of insulin. 

The ergotamine was used in the form of ‘'‘^ergotamine methan sul- 
phonate” [Sandoz] injected intravenously and the insulin was injected 
as usual subcutaneously. The animals were from one litter and were 
starved for 24 hours. The results are given in Table VII, and it will 


Table VII. A litter of four young rabbits, starved for 24 hours. 

Glycogen 






B] 

o 

o 

— 

-A- 

Total 
g./lOO g. 
body 


Rabbit 

Wt. 

Insulin 

Ergo¬ 

tamine 

Sugar 

mg./ 

-A_^ 

Lactate 

mg./ 

Liver 

Muscle 

Time 

of 

No. 

g. 

unit 

mg. 

100 o.c. 

100 c.c. 

p.c. 

p.c. 

wt. 

action 

1 

784 

0 

0 

134 

33 

0-267 

0-148 

0-081 

— 

2 

715 

1-0 

0 

65 

36 

0-933 

0-118 

0-091 

hr. min, 
2 45 

3 

638 

0-8 

4-0 

23 

33 

1-293 

0-158 

0*130 

2 7 

4 

592 

0'8 

2-5 

14 

30 

0-967 

0*237 

0*153 

2 2 


suffice to say that the effect shown in Table VI is not inhibited by ergo¬ 
tamine. The effectiveness of the ergotamine is shown by the much greater 
and more rapid fall in blood sugar in the animals injected with it. It 
will also be observed that the blood lactate remained the same in all the 
animals. 

Ergotamine and the action of adrenaline. 

The results of the combined actions of ergotamine and adrenaline 
are shown in Table VIII. It is sufficient to state that ergotamine, in 
doses large enough to inhibit adrenaline hyperglycsemia, does not prevent 
the redistribution of glycogen which has been demonstrated in Table III. 
It will also be observed that, whilst as a result of the ergotamine the 
adrenaline only raised the average blood sugar by about 16p.c., the 
rise in lactic acid in the blood was over 80 p.c. 
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Table VIII. A litter of ten young rabbits, starved for 24 hours. 


Rabbit 

Wt. 

Ergo¬ 

tamine 

Adrena¬ 

line 

Blood 

mg./lOO c.c. 

..... 

r ' " \ ^ 

Sugar Lactate 

Liver 

Glycogen 

Muh(1o 

g. 

body 

of a<d.ion 
of 

ailrona- 

No. 

g* 

mg. 


p.c. 

p.c. 

wt. 

line 

1 

625 

0 

0 

135 23 

0*754 

0*4.30 

0*204 


2 

625 

0 

0 

115 17 

0-567 

0*202 

0*119 


3 

525 

0 

0 

111 16 

1*164 

0*193 

0*130 


4 

700 

0 

0 

137 39 

1*275 

0*204 

0*204 






Averages 125 24 

0*940 

0*292 

0*164 

hr. min. 

5 

650 

1*3 

0*15 

171 40 

1*751 

0*1.54 

0*140 

2 

15 

6 

625 

1*25 

0*15 

129 43 

3*126 

0*231 

0*219 

2 

35 

7 

750 

1*5 

0*15 

137 40 

2*354 

0*125 

0-13H 

2 

55 

8 

650 

3*3 

0*15 

139 28 

1*043 

()*13() 

0*098 

2 

.30 

9 

900 

5*0 

0*30 

152 56 

2*192 

0*120 

0*126 

2 

50 

10 

750 

4*2 

0*20 146 56 

Averages 146 44 

2*041 

2-085 

0*188 
0*158 ~ 

^_0d/>8 

3 

15 


iMos, 6, 6, 7 received the adrenaline 10 min. after the ergotamine. 
Nos. 8, 0, 10, 1 hour after it. 


Summary of experiments on the influence of ergotamine, 

Ergotamine does not prevent tlie increase in liver glycogen produced 
by insulin in the starving young rabbit, this increase being greater than 
can be accounted for by losses of glycogen from the muscles. Ergotamine, 
in doses sufficient to inhibit adrenaline hyperglycasmia, does not prevent 
the liberation of lactic acid from the muscles and the quantitative re¬ 
distribution of glycogen which follows the injection of a small dose of 
adrenaline. It appears, therefore, that the mechanism of glycogenolysis 
in the liver is more rapidly paralysed by ergotamine than is that in the 
muscles. If, however, the dose of ergotamine is sufficient demonstrably to 
paralyse the peripheral vaso-constrictors in the anajsthetizod animal, then 
the increase of lactate in the blood caused by adrenaline is also prevented 
(Goldblatt [1933]). Thus, with the doses of ergotamine we have used, 
we have been unable to dissociate the effects of insulin and adrenaline. 

lodoaeetate and the actions of insulin and adrenaline. 

The dose of the neutralized acid which could safely be given was first 
determined. The acid was neutralized with Nj2 NaOH, using methyl 
orange as indicator. 

(a) Babbit. 1*1 kg. 

5 mg. iatravenously . JSTo symptoms 

15 mg. 1 hour later ... ... No symptoms 

40 mg. IJ hours later ... ... Couvulsious aud death in 15 min* 

(h) Babbit. 1*0 kg. 

10 mg. intravenously ... No symptoms 

15 mg. 55 min. later ... ... NosymptoZ 
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It was decided to tise doses up to 15 mg. 

Tlie results are set out in Tables IX and X and may be summarized 
as follows: 

(1) lodoacetate in doses up to 10 mg. does not seriously interfere 
with tbe accumulation of liver glycogen or tbe increase in total body 
glycogen wHcb we have seen constantly to occur in these animals after 
insulin. 

(2) With 16 rag. this effect is inhibited to a very great extent but not 
abolished, the total glycogen per unit body weight remaining unchanged. 
This amount of iodoacetate does not interfere with the rate of fall in 
blood sugar, nor is there any appreciable change in blood lactate. 

(3) 16 mg. iodoacetate prevent the rise in liver glycogen which 
normally follows the injection of small doses of adrenaline but do not 
prevent the hyperglycsemia, the rise in lactic acid in the blood or the fall 
of muscle glycogen. The inability of the liver to synthesize the liberated 
lactic acid is reflected in the persistence of a high blood lactate. The total 
glycogen per unit body weight is very greatly diminished (cf. Table III). 

Tablb IX. Fifteen young rabbits from two litters of approximately the same age were 
starved for 24 hours. Of these six were used as controls, two were injected with 
insulin alone, .and seven with both insulin and acetoacetate as detailed in the table. 
Except for one animal in the last group, the litters were equally represented in all the 
groups. 

Glycogen Time of 

Blood I --^ action 


Babbit 


lodo- 

In- 

mg./ioo 

c.c. 



Total 

of 

Wt, 

acetate sulin 

^ 

— ^ 

Liver 

Muscle 

g./lOO g. 

insulin 

No. 

g- 

mg. 

unit 

Sugar Lactate 

p.c. 

p.c. 

body wt. 

hours 

1 

700 

0 

0 

77 

40 

0*304 

0*181 

0*100 

_ 

2 

700 

0 

0 

95 

39 

1*057 

0-189 

0*130 


3 

550 

0 

0 

100 

84 

0*397 

0*162 

0*087 

_ 

4 

700 

0 

0 

90 

68 

1*949 

0*267 

0*199 

_ 

5 

500 

0 

0 

67 

62 

0*514 

0*197 

0*117 

,— 

6 

600 

0 

0 

72 

63 

1*096 

0*226 

0*160 

— 




Averages 83 

59 

0*886 

0*202 

0*131 


7 

750 

0 

1 

30 

40 

2*169 

0*283 

0*210 

2*3 

8 

925 

0 

1 

54 

46 

3*947 

0-402 

0*323 

2*3 




Averages 42 

43 

3*008 

0*342 

0*267 


9 

800 

5 

1 

68 

69 

2*687 

0*260 

0*216 

2'3 

10 

850 

10 

1 

30 

89 

2*166 

0*212 

0*179 

1-3*^ 




Averages 44 

74 

2*372 

0*231 

0*198 


11 

660 

15 

1 

30 

31 

1*526 

0*258 

0*178 

2*3 

12 

760 

15 

1 

48 

68 

0*809 

0*160 

0*108 

2*3 

13 

725 

15 

1 

62 

48 

1*135 

0*136 

0*109 

2*3 

14 

700 

16 

1 

48 

46 

0*875 

0*173 

0*116 

2*3 

15 

700 

16 

1 

45 

74 

1*469 

0*138 

0*130 

2*3 




Averages 48 

53 

1*163 

0-173 

0*128 



* Convulsion. 
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I'a-BLE X. Eight ycnitig rabbits from tho same litter wore atarveni for 24 honra. 

Three were used aw cioiitrolw and five were injoedod with, iodoiuadate and adrtniaJiiio. 

1'iineof 

(ilyeogen aef.inti 

Blood ,■.——... . 




I odo* 

Adroiia- 

mg,/100 

o.c. 



'I’oinJ 

a.dr(ma- 

Babbit 

Wt. 

ac^etate 

lino 

k _ 

- 

liiver 

MuHcic 


lino 

Ka. 


mg. 

mg. 

Sugar Ijaetato 

p.c. 

p.c. 

body wt. 

hours 

1 

650 

0 

0 

137 

56 

Lost 

0-400 



2 

650 

0 

0 

118 

28 

2-130 

0-574 

0-358 


3 

650 

0 

0 

113 

26 

1-065 

0-428 

0-255 

— 




Averages 123 

37 

1-602 

0-467 

0-307 


4 

600 

15 

0-15 

220 

51 

1-008 

0-104 

0-136 

2-3 

6 

600 

15 

0-15 

236 

30 

1-055 

0*245 

0-161 

2-3 

e 

750 

15 

0-15 

168 

64 

2-‘t57 

0-230 

0-226 

2-3 

7 

600 

15 

0-15 

187 

46 

1-205 

0-258 

0-181 

2-3 

8 

625 

15 

0*15 

227 

^^5_ 

ld64 

()-232 

0-162 

2-3 




Averages 200 

~57 

1-306 

()-2;i4’ 

0-173 



It is clear that the increase of lactate in tlie l)loo(l caiiscHl by adrena¬ 
line is not afiected by iodoacetate in doses of 15 mg. Hence, wiUT the 
accumnlation of liver glycogen shown in Rabbits Nos. 7 and 8 in 
Table IX due to resynthesis from lactate released from the muscles, we 
should have obtained a great rise in blood lactate in Rabbits Nos, 11 
to 15, in which the formation of new glycogen in tlie liver was practically 
abolished. (Rabbit No. 10, Table IX, illustrated that the petiphoral 
release of lactate was easily possible.) We consider that this failure of 
the lactate to be increased constitutes evidence against the adrtmaline 
hypothesis. In Table IX the last group of animals, in spite of thx^. fall in 
blood sugar, showed no change in total body glycogen, whisreas in tins 
litter of Table X the total fell by over 40 p.c., no appreciable loss having 
occurred by the urine. Iodoacetate, whilst not giving the uneqnivoijal 
evidence sought for, served to emphasise the cjiurntitiitive, di:f:l;<M.'ences 
between the effects of insulin and adrenaline in tliesc aninuils. 


DIvSOXTSBIOX. 

The most recent contribution to the problem presented by these young 
animals is that of Cor kill [1932], in which it is shown that diphtheria 
toxin, in doses that were too small to abolish the power of the liver to 
make glycogen from glucose, completely prevented the deposition of 
liver glycogen which ordinarily follows tho injection of insulin or adrena¬ 
line. The toxaemia is accompanied by a distinct resistance to insulin as 
far as the blood sugar is concerned, but this resistance can be overcome 
by ergotoxine, which supports the view that adrenaline secretion is 
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increased during the toxaemia. But ergotoxine does not allow of a 
deposition of liver glycogen by the action of insulin in the toxaemic 
young rabbit. C o r k i 11 has thus also reached an impasse in the elucidation 
of the source of the new glycogen. In regard to these very interesting 
experiments it would be important to determine whether in toxaemia 
there occurred a large rise in blood lactate, and whether injected lactate 
gave rise to liver glycogen. By intravenous injection of d- or ^dactate 
it is easy to produce a deposition of liver glycogen in normal young 
rabbits, and it may be that the toxaemic liver may have lost the power 
to form glycogen from lactate whilst retaining that from glucose. Should 
this prove to be the case, the necessary link in connecting the anomalous 
action of insulin with the adrenals might become clearer. The fact that, 
as we have seen, ergotamine permits both the insulin and adrenaline 
effects to take place and that iodoacetate and diphtheria toxin [Gorki 11] 
prevent them, undoubtedly gives qualitative support to the hypothesis 
that ther6 is some link between the two; but on quantitative grounds 
we consider that there are outstanding differences between the observed 
changes and what might reasonably be expected if the effects following 
the injection of insulin in these animals were really due to adrenaline. 
Further facts must be obtained before a definite decision can be reached. 

Conclusions. 

1. Insulin and adrenaline under properly controlled conditions pro¬ 
duce a very marked increase in liver glycogen in the starving young 
rabbit. 

2. In the case of insulin this increase may or may not be associated 
with a fall in muscle glycogen. The effect on the total glycogen of the 
body is most frequently an increase. 

3. In the case of adrenaline in non-glycosuric doses, the increase in 
liver glycogen is always associated with a fall in muscle glycogen. With 
a properly adjusted dose there is a quantitative redistribution of glycogen 
between the muscles and the liver, the total remaining unchanged. With 
larger doses there is a loss in both situations. 

4. Ergotamine, in doses up to 5 mg. intravenously, does not prevent 
the action of insulin or of adrenaline on the distribution of glycogen. 

5. Iodoacetate, in doses of 15 mg., prevents the accumulation of 
liver glycogen usually produced by insulin and adrenaline in young 
rabbits. The final result in the case of adrenaline is a loss of glycogen 
from both liver and muscles; in the case of insulin the total glycogen 
was not changed. 
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6, Tlie action of insulin in these animals is not accompanied l>y sncli 
an increase in blood lactate as would justify the belief that the adrenal 
secret],on is the cause of the increase in liver glycogen wbicli al,wayH 
follows such action, 

l?art of the expenses of this vvox'k was defrayed by a grant from the (rovt^rinneni Urants 
Cbimnittco of the Royal Society, 
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THE NORMAL BEHAVIOUR OF THE ISOLATED 
UTERUS OF THE GUINEA-PIG, AND ITS 
REACTIONS TO CESTRIN AND OXYTOCIN. 

By W. H. newton. 

{From the Department of Physiology and Biochemistry, 
University College, London.) 

The object of this paper is to amplify the substance of two communica¬ 
tions by Marxian and Newton [1932, 1933], on the action of cestrin 
and oxytocin on the uterine contractions of guinea-pigs. As a rule 
this animal has been adhered to, but mice were employed for a few 
experiments. The animals have been used in four conditions, viz. im¬ 
mature virgin, mature non-pregnant, and odphorectomized, and it is 
proposed to arrange the findings under these four headings. 

The method used consisted of suspending the uterus, or a strip of it, 
in a bath of oxygenated saline solution, at 37° C., and recording its con¬ 
tractions by means of a light lever and frontal writing point. Except 
where otherwise stated, the animal was killed by a blow on the head, the 
blood drained from it, and the uterus removed immediately. The solution 
and apparatus used were those suggested by Burn and Dale [1922]. 

The immature virgin uterus. 

Normal behaviour. The uterine horns of female guinea-pigs of about 
200 g. weight, and reared apart from males, are generally regarded as 
satisfactory for the assay of the posterior pituitary oxytocic principle. 
This is partly because, when suspended in the muscle bath, they maintain 
a constant degree of relaxation, their spontaneous contractions being 
insignificant and irregular. The amplitude of these contractions may be 
reduced, up to a point, by applying a load to the lever. Whatever be this 
load, however, after about 2 hours the spontaneous activity of the uterus 
increases, and the base line of the tracing rises, Le, a certain amount of 
tonic contraction takes place (Fig, 1 ), 
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Action of oxytocin. This is well known, and requires only brief de¬ 
scription. On adding oxytocdn to tlie bath, a strong coiitni,cation of 
muscle takes place, and for a few minutes a sta,t(^ of stc^Jidy tonus is 
maintained. The level of this is constant for the saune sul)ina.xiina,l dost*- of 
oxytocin; if the latter is increased or decreased, the lev(d is r(‘,sp(M'*»tiv('ly 
higher or lower. This property of the uterus is the basis for the a.ssay of 
pituitrin, and is fully discussed by Dale and Laidlaw [1912], and Burn 
and Dale [1922]. If the dose of oxytocin is left in the bath, the tonus falls 



Fig. L Virgin gninea-pig, 220 g. Upper and lower tracings taken simultaneously from loft 
and right uterine horns respectively. The solution bathing the right horn was saturated 
with kotohydroxytnstrin. First space=interval of 1 hour; seoQnd space ~ interval of 
J hour. 


after a time, and the tracing is broken by fairly large, irrcgxilar, spon¬ 
taneous contractions. If the solution is changed to a fresh one immediately 
the contraction has attained its initial steady value, the relaxation is 
rapid, and the spontaneous contractions no greater than before. After 
some hours the preparation becomes too sensitive for quantitative work, 
responding with a maximal contraction to different and formerly sub- 
maximal doses of oxytocin. 

Action of oestrin. (a) Effect on normal behaviour. One horn of the 
uterus was suspended in the plain saline solution, and the other in a 
similar solution saturated with pure crystalline ketohydroxymstrin. There 
was no significant difference between the spontaneous contractions in the 
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two cases, and the only difference appeared to be that the increase in 
tonus and general activity, which normally comes on after a few hours, 
was delayed in the horn exposed to the oestrin solution (Fig. 1), The 



Fig. 2. Fig. 3. 


Fig. 2. Virgin guinea-pig, 210 g. Contractions produced by addition to bath (60 c.c.) of the 
following: A =0-016 unit oxytocin0-1 c.c. absolute alcohol. J?=0-016 unit oxytocin 
+ 0*2 mg. ketohydroxyoostrin in 0*1 c.c. alcohol. 0 = 0-032 unit oxytocin + 0-2 mg. 
ketohydroxyoestrin in 0*1 c.c. alcohol, D =0*032 unit oxytocin+0-1 c.c. absolute 
alcohol. Interval between doses 15 min.; bath washed out after each dose, and drum 
stopped during relaxation of muscle. The last four contractions show that at least an 
additional 0-016 unit oxytocin is required to overcome the eifect of 0*2 mg. of keto- 
hydroxymstrin. 

Fig. 3. Upper tracing. Virgin guinea-pig 240 g. Contractions; 1,2, and 5 produced by 0*02 
unit oxytocin+0-1 c.c. absolute alcohol; 3 and 4 by 0-02 unit oxytocin + 0-2 mg. tri¬ 
acetate of trihydroxy oestrin in 0*1 c.c. alcohol. 

Lower tracing. Virgin guinea-pig, 200 g. Arrows: 0-1 mg. monomethyl ether of 
ketohydroxyoestrin in 0-5 c.c. alcohol; 0-04 unit oxytocia; fresh bath, and interval of 
30 min.; 0*04 unit oxytocin+0*05 c.c. absolute alcohol. 

reason for this late activity is in any case obscure, and it is doubtful if it 
is permissible to draw conclusions from the later part of experiments such 
as^these* \; 

Lxxix- ' ' ' ,^21,; 
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(b) Effect on reaction to oxytocin. The oxytocin uMcd in thcne ('xperi- 
ments was a partially purified solution prepared by J. M. (lulland 
(“Kamm solution,” Gulland and Ni'wton [1032]). it was diluted, and 
the amount found which would ])rodiicc a contraction of Kuita,i)l(^ sizci 
when added to the muacle batli (capacity on tliia occasion 100 (i.c.). It 
was then ascertained that the simultaneous addition of 0-1 c.c. absolute 
alcohol was without effect on the response to this dose. Ifinally a test 
was performed in exactly the same way as if two different solutions of 
oxytocin were being compared, except that the dose of oxytocin was 
constant, and the difference lay in the simidtancous addition of 0-1 c.c. of 
alcohol in one case, and 0-2 mg. mstrin dissolved in 0-1 c.c. of alcohol in 
the other. The result of this experiment has previously been reported, 
namely, that OBStrin markedly reduces the response to oxytocin [Marrian 
and Newton, 1932]. The accompanying tracing (Fig. 2) gives a rough 
idea of the magnitude of this reduction. 

The action of derivatives of wstrin. (a) The triacetate of trihydroxy- 
oestrin. The effect of this is the same as that of ketohydroxyoestrin 
(Fig. 3). 

(6) The monomethyl ether of ketohydroxyoestrin. This itself pro¬ 
duces a symmetrical contraction and relaxation of the muscle. In investi¬ 
gating its effect on the response to oxytocin, this necessitates some 
irregularity in the timing of the doses, but so far as these experiments 
warrant any conclusion, it is that the response to a dose of oxydocin, after 
the contraction from the methyl ether has subsided, is depressed (Fig. 3). 

Effect of fregnandiol. The contractions from oxytocin are slightly 
diminished in the presence of pregnandiol, but when this has been 
removed, the original degree of contraction with oxytocin cannot bo 
reproduced. It is therefore impossible to say whether this is a permanent, 
shght effect of pregnandiol, or'whether the sensitivity of the uterus is 
gradually diminishing, and the pregnandiol is inactive. The same result 
was obtained, however, on several occasions. In any case, the action of 
pregnandiol is not comparable with that of oestrin. 

Discussion. 

These experiments throw little light upon the virgin uterus as an 
organ; the ultimate effect of oxytocin is simply to increase its muscular 
activity, but this is as irregular as before. CEstrin has at the most a 
questionable depressor influence. Regarded as a means for measuring the 
activity of oxytocin, however, the uterus assumes an apparent import¬ 
ance, for it is clear that this activity is impaired in vitro by the presence 
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of (Bstria, and certain of its derivatives. In studying the interaction be¬ 
tween the two hormones, it cannot be too strongly emphasized that results 
may vary according to the technique adopted and the animal used. The 
sexual development and condition of the animal may also have an in¬ 
fluence. The only experiments bearing on the present work are those 
previously performed by the same technique. Heller and Holtz [1932] 
and Jeffcoate [1932] stated that oestrin was without effect on the 
response to oxytocin of the virgin uterus in vitro, and although they 
confirmed their results with crystalline oestrin, it is possible that they had 
difficulty in getting a sufficient concentration of this substance into 
solution. Burn and Bourne reported [1928] that oestrin increased the 
sensitivity of the uterus to oxytocin, but withdrew their experiments 
[1932] when crystalline oestrin became available. 

The fact that it is now clearly demonstrable that oestrin impairs the 
action of oxytocin, while it is not so clear that it interferes with the 
normal behaviour of the uterus, suggests immediately that oestrin may 
have no action on the muscle in vitro, but may throw out of action, by 
physical or chemical means, a part of the oxytocin. To set against this is 
the fact that the activity of oxytocin can be accurately measured, where¬ 
as it is difficult to interpret what is and what is not variation in the 
extremely irregular normal contractions, so that a slight effect on the 
latter may be overlooked. 

The uterus op the oophorectomized animal. 

Normal behaviour. The uterus undergoes involution and coincidentally 
the spontaneous activity dies away, so that 3 months after oophorectomy 
a preparation is obtained which is quiescent in the muscle bath. In 
behaviour it resembles the virgin uterus, except that the spontaneous 
contractions are smaller and more sluggish; if left in the bath for some 
time, it may show slow variations in tonus, but does not become active 
like the virgin organ. Any deviation from this condition is very likely 
to be due to regeneration of ovarian tissue [Parkes, Fielding and 
Brambell, 1927], and to guard against this about in. of each uterine 
horn has been regularly removed with the ovaries. 

Action of oxytocin. Addition of a suitable amount of oxytocin to the 
bath causes a slow contraction of the muscle, which becomes steady at a 
level corresponding to the dose of oxytocin given. On one or two occa¬ 
sions when the latter was left in the bath for a long time, the contraction 
of the muscle appeared to be sustained indefinitely. The height of the 
contraction may not be attained until as long as 8 or 10 min., and after 

21-«2 
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hour or two, all types of tracing tended to settle down to tbc second type. 
In comparative experiments, therefore, it is probably only legitimate to 
use the first hour and a half of the tracing. 

The effect of increasing the temperature is to the frcHpieiWjy 

of the contractions (Fig. 6); their amplitude varies with the length, of the 
strip, and therefore with the size of the uterus if the whole horn is taken. 
For these reasons more stress is laid upon the form, of the contractions 
than upon their frequency and amplitude. The two horns from the same 



Fig. 6. Typical tracings from tlic uteri of two adult guinea-pigs, 560 and 520 g. respectively. 
The lower tracing shows the effect of temperature change upon the contractions (scale 
and continuous line). min. 

uterus give as a rule the sarrie type of contraction, although one or two 
exceptions to this have been encountered; no error from this source is 
likely to occur if sufficient experiments are done. 

Effect of cesthn. (a) Some of the saline solution was saturated with 
pure crystalline ketohydroxycestrin (probably between 0-2 and 0-4 mg./ 
100 C.C.). One horn of the uterus was then put up in this solution, and the 
other in the original saline solution. There was not sufficient difference 
between the form of contraction in the two cases to warrant any statement 
as to the action of oestrin given in this maimer. 

(6) Crystalline ketohydroxycestrin was dissolved in absolute alcohol, 
2 mg./lOO C.C., and each horn of the uterus suspended in the ordinary way 
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in the saline solution. After the tracing had bee erne established 0-1 c.c. 
of the oestrin solution was added to one hati §ind 0-1 c.c. of absolute 
alcohol to the other. In one experiment this procedure was repeated 
twice, so that finally three times the usual quantities of oestrin solution and 
alcohol respectively were present. In neither horn was the tracing 
appreciably altered by this treatment, and this was the rule in these 
experiments. 



ITig. 7. (a) Tracings from the two horns of an adult guinea-pig before (above) and after 
(below) oestrin injection respectively (see text). (6) Cowesponding tracings from the 
two horns of the least satisfactory control guinea-pig, in which the second tracing most 
nearly resembled the tracings after oestrin injection, (rh«e animal was on oestmi^ when 
the upper record was taken.) 


(c) Two guinea-pigs of approximately equal age and weight (300- 
350 g.) were anaesthetized with ether, one uterine horn removed aseptic- 
ally from each, and tracings from these horns taken in the usual way. The 
day after the operation a course of subcutaneous injections was begun; 
one animal receiving cestrin and the other tie solvent (10 p.c. alcohol). 
The injections were given hourly (except through the night), and con¬ 
tinued for 48 hours; this represented about 25» e.c. of fluid, and 0*6 mg, 
of oestrin. 18-24 hours after the last dose tie animals were killed, the 
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remaining lioriiB removed, and their contractioiiB recorde.d. The typcB of 
contraction obtained from the horns of tlie control guineii-pig agiiMal hiirly 
well, ill spite of the interval l)etween tlie rect)i‘(]s. In tlic- other iiniiiiaJ, 
however, the effect of the (x^strhi was dLstinctly seen (Ifig. 7). (‘-on- 

tractions recorded from the secoiid liorn were relativ(d,y infre(]ueiit, 
regular, and apparently maximal; the mnscle was fully relsvxcMl betwcum 
them, and this, together with the absence of minor conti'actions, gave a 
very definite base line to the tracing. This rc^siilt was invariable. 

Disctission. 

It is clear that the injection of oestrin does modify tlie in vitro con¬ 
tractions of the uterus, and it would be expected that the same elleot 
would be apparent wlieii oestiin is produced liy the animal itself, the. 
during oestrus. One has not been able to demonstrate this for the guinea- 
pig, possibly because of the age and uncertain history of the animals 
used. It has been stated, however [Frank, Bonham and G ustavson, 
1925; Duxrant and Rosenfeld, 1931; Harne, 1931], that in the 
rat the type of activity exhibited by the excised uterus during oestrus 
is similar to that just described after injections of oestrin into the guinea- 
pig. Reynolds [1931], recording from a fistula, has found that the 
uterus of the rabbit is inactive during dioestrus and after oophorectomy, 
but active during oestrus and after injection of oestrin. This agrees with 
the present findings in oophorectomized guinea-pigs (although these 
require confirmation, as previously pointed out), but it would be am¬ 
biguous to say whether normal guinea-pig uteri are more or less active 
after oestrin injection; the activity seems rather to change qualitatively 
and become more coordinated. Azuma and Soakin [1932], using a 
fistula, found uterine motility to be diminished in the dog 24 hours after 
oestrin injection. 


The uteexjs of the freghant animal. 

Normal behaviour. In the pregnant guinea-pig only one horn of the 
uterus is usually involved; this is referred to as the ‘'pregnant horn,’’ and 
the other as the “non-pregnant horn.” The former is enormously hyper¬ 
trophied, and its wall is so thin as to be transparent. In the majority of 
the experiments only one foetus has been found: this attains at term a 
length of about 11 cm. measured from the frontal bone to the posterior 
tip of the spinal column. In the absence of any knowledge of the previous 
history of the animals, the length of the feetus has been used as a guide to 
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the stage of pregnancy. On several occasions two foetuses have been 
found, but the behaviour of the uterus on these occasions has been 
similar to that observed when the foetus has been a single one of the same 
length as each of the pair. The non-pregnant horn is larger than that of 
a non-pregnant animal, and is occluded at the lower end by a plug of 
mucus. 

Longitudinal strips cut from the pregnant horn give in the early stage 
of pregnancy a series of spontaneous contractions which are fairly regular 
and maximal, with a well-marked base line between. Later in pregnancy 



Fig. 8. Pregnant guinea-pig, foetus (one) 7 cm. Longitudinal strip from pregnant horn, 
showing rapid relaxation in bath. The gap in the tracing represents 50 min., and during 
this time no spontaneous contractions took place. At the arrow, OUl unit oxytocin 
was added to the bath (100 c.c.). 


these contractions become less frequent as the record progresses, and 
may cease altogether. Later still in pregnancy the strip rapidly relaxes 
on being placed in the bath, and gives no spontaneous contractions 
whatever; the tracing appears like a line drawn with a ruler (Fig. 8). It 
is not yet clear whether spontaneity returns at term; the whole series of 
experiments is being repeated with animals whose stage of pregnancy 
is accurately known. Throughout pregnancy the non-pregnant horn 
gives maximal, fairly regular spontaneous contractions. 

Action of oxytocin. This has been investigated only on the inactive 
strips of the uterus of late pregnancy (foetus 9-10 cm.). When oxytocin is 
added to the bath in which these are suspended, they break into perfectly 
regular, smooth, maximal contractions (Figs. 8 and 11), which apparently 
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ooBitiniie so long as the oxytocin is left in the bath. Tlu> c*,oiicMHitr}itio!i of 
oxytocin necessary to bring these about is of the same order a-s that 
usually required to produce a nearly raaxinia.l c.ontr‘ac.tioii of the virgin 
uterus, i,e. 0-01“-0*02 unit in 100 c.c. The e^xact thn^siudd dosi.^. fur mi 
individual strip depends in part upon the load (^a-rried l)y t!n^ writing 
lever, i.e. upon the tension of the mnscde, as the following expcnnitiont 
shows. If a very small dose of oxytocin be added to the bath thc‘ tracking 
continues unaltered as a straight line: if th(^ dose be incrcniscMl a. point is 
reached at which the base line begins to rise slowly. Tlris rise (*-o.ntinues 
for 2 or 3 min., when suddenly a maximal contraction occurs, with the 
usual almost instantaneous rise of the levcn*; aftcu tlie (?ontraction the 



Fig. 0. Pregnaxxt guixxea-pig. Length of f(ntus (one) 9 cm. No spoiitaueouH (jontractions. 
(a) Efect of 0’015 unit oxytocin. (6) Later, after removal of load from levor ho that 
muscle was just balanced. Signals: (1) 0*02 unit oxytocin; (2) same; (JJ) load applietl 
to lever, (c) Contraction 15 min. later; smiilar coixtractionB followed regularly at 
15 mm, intervals. 


lever returns to the original base line, and there is a relatively long 
interval before the next contraction, v^hioh is also preceded by the slow 
shortening. A further increase in the amount of oxytocin present yields 
the usual series of contractions, which are more frequent and without, or 
almost without, the preliminary shortening. If now the load on the lever 
be removed, so that its weight is just sufficient to balance the strip, it is 
found that what was before an adequate dose of oxytocin, now gives rise 
only to an exaggerated version of the slow type of contraction, and al¬ 
though this may produce considerable shortening of the strip, there may 
be no sign of the usual brisk maximal contraction and relaxation. Applica¬ 
tion of a load to the lever, however, immediately initiates such a contrac¬ 
tion, and further uncomplicated contractions occur at regular intervals 
(Kg. 9). 
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The importance of tension is shown also by Eig. 10, which shows that 
the frequency of contraction varies directly as the load on the lever. The 
rhythm also varies with the temperature of the bath. 



Fig. 10. Pregnant guinea-pig; length of foetus (one) 10 cm. Longitudinal strip from pregnant 
horn. Tracing after 0*03 unit oxytocin, with lever just balanced. Arrows indicate 
application or removal of load, as follows: (1) -f0-33g.; (2) -fO-48 g.; (3) -|-0-60g.; 
(4) - 0-60 g.; (5) - 0-48 g.; (6) - 0-33 gm.; (7) +1-41 g. 



Fig. 11. Pregnant guinea-pig. Length of foetuses (two) 9 cm. Strip of pregnant horn in 

100 c.c. bath. At signals: (1) 0*025 unit oxytocin; (2) 0*2 mg. ketohydroxyoestrin in 

1 c.c. iV/10 NaOH+exactly equivalent amount of HCl; (3) fresh solution in bath; 

(4) 0*025 unit oxytocin; (5) 1 c.c. W/IO NaOHexactly equivalent amount of HCL 

An excessive dose of oxytocin tends not only to initiate contractions, 
but also raises the base line between these, so that the uterus is in a state 
of continued partial contraction. 

Action of mstrin. If a large amount of oxytocin has been used, so that 
rhythmic contractions are superimposed on a permanent tonus^ the 
addition of cestrin to the bath reduces this tonus, and full relaxation 
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occurs between the beats.. In such circumstances tlie rhythm iiiay l>e 
accelerated [Marrian and Newton, 1932]; what happens when stiil 
more mstrin is added cannot be determined, owing to tln'^ diflicoilty of 
getting large amounts into solution. If just sufficient oxytocin to give si 
series of rhythmic contractions, w.itli no general rise of bsxsci liiu.% is 
present, then, on treatment with oestrin, the contractions are diniinislied 
in frequency and amplitude. In other words, the effect of cestriii is to 
neutralize that of oxytocin. These effects have been obtained using alco¬ 
holic and alkaline solutions of oestrin, and the action of the solvent has 
been controlled (Fig. 11). 


Generate discxtssion. 

There seems to be no doubt that the muscular activity of the uterus 
may he modified by injecting preparations of (Bstrin into animals. Some 
of the work already quoted suggests that oestrin stimulates, and some that 
it depresses the uterus, but results from the same animal appear consistent. 
There is probably, therefore, a species difference, but this cannot with 
confidence be stated until it is established that the uterus as studied by 
fistula in the intact animal and the excised uterus behave in the same way 
at the same time. 

The fact that the effect of oestrin injection can so easily be traced in 
the activity of the excised uterus points to some stable alteration having 
taken place in the muscle. The most obvious change of this sort is an 
enlargement of the uterus, and this may be associated with increase in 
size, number, or both, of the muscle fibres. Andrei [1924] has reported 
hyperplasia in the oestrous rabbit, and Anopolsky [1928] increase in 
length of the tubal muscle fibres of the sow during heat. Before attri¬ 
buting a ''pharmacodynamic” action to oestrin [Broulia and Sim- 
monet, 1927], it is important to decide whether such structural altera¬ 
tions in the muscle would be sufficient to account for a qualitative change 
in activity such as is seen in the guinea-pig. At first sight the correlation 
between activity and size, as seen in virgin, mature and involuted uteri, 
seems straightforwardly quantitative; but the large uteri of large guinea- 
pigs frequently yield tracings suggestive of those obtained after oestrin 
injection, and the non-pregnant horn of the pregnant animal, which is 
considerably enlarged, certainly gives this kind of tracing. Further, if the 
characteristics of this type of activity (diminished frequency of contrac¬ 
tion, the maximal nature of such contractions as do occur, and the 
tendency to complete relaxation between the beats) were exaggerated and 
pushed to the limit, the same stages would be anticipated as do actually 
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occur with progressive hypertrophy in the pregnant horn of the pregnant 
animal. The dissimilarity between the activity of the pregnant and non¬ 
pregnant horns (apparently overlooked by Knaus [1927], who used the 
latter as a criterion for the former) emphasizes the importance of struc¬ 
tural or mechanical conditions as distinct from hormonal factors. There is 
at present insufficient evidence to decide whether the change in size of the 
uterus after oestrin injection has anything to do with the coincident 
change in its activity, but this possibility cannot be ignored. 

In the experiments where oestrin is added to the muscle bath, instead 
of being inj ected previously into the animal, the most striking phenomenon 
is its antagonism to oxytocin, but it is not legitimate to assume that this 
is physiological. There seems to be no conclusive evidence as to the 
normal interaction between these two hormones. Parkes [1930] pro¬ 
duced immediate abortion in a certain percentage of mice by following 
up 12 hours of oestrin injection with the injection of 1 unit of pitocin, to 
which the mice were normally insensitive. He argued from this that 
there was some immediate action on the muscle, sensitizing it to pitocin; 
this action may not have been due to oestrin, however, since no crystalline 
preparation was available. Moreover, Illingworth, Marshall and 
Robson [1932] and Jeffcoate [1932] claim that there is a substance 
sensitizing the uterus to pitocin in extracts of urine free from the known 
sex hormones. Brouha and Simmonet [1927] describe the types of 
contraction produced in the isolated uteri of guinea-pigs by pituitrin, 
when these are normal when killed, or previously treated with follicular 
extracts. After cBstrin, instead of a tonic contraction, a series of rhythmic 
contractions are obtained; this agrees with our findings, but does not 
throw light on the sensitivity of the uterus. Pompen [1933], however, 
taking records from the living animal by means of Trendelenburg’s 
method [1913], definitely states that oestrin injection lowers the threshold 
to pituitrin in rabbits, cats, and guinea-pigs. 

Summary and conclusions. 

1. The types of uterine contraction met with in the isolated uteri of 
guinea-pigs, immature, mature, pregnant and oophorectomized, are 
described, together with certain temperature and tension effects. 

2. CEstrin, in vitro, has no certain action upon the immature or 
mature uterus, but oestrin previously injected into the intact adult 
animal profoundly modifies the activity of the uterus subsequently 
excised. The possible relation of this change in activity to hypertrophy 
of the muscle is discussed. 
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3. The acti(3ii of oxytocin on tlie immature, the |>r(\i^na!it, anti in¬ 
voluted uterus is described, and it is shown tluit this is in t:N‘udi 

cjisc partially neiitedized l)y th.e simidtane.ous presence of usstrin iii t»he 
muscle l)atlL This (diect of (ustrin is not necessitrily n'id'etl t'o its true, 
physiological a,{jtion. 

4. The uteri of guinea-pigs Ih-t months aft<'»r oophonurtoitiy c‘.au be 
used for the assay of the oxytocic pituitary principh?, I)ut the nudhod is 
tedious and probably only of value for confirmatory purposi‘.s. 

I wish to thank Dr G. F. Marrian, who, by providing (‘.rystallim^ 
(Bstrin and by much valuai)le assistanc(>!, has made tins work possilile. 

llio expensea of ihia research were defrayed by a grant from the .Mt'dieaf ]l(*H<‘ar(‘h 
C-ouiicil. 
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THE EFFECT OF THE CARDIAC CONTRACTION 
UPON THE CORONARY FLOW* 

By G. V. ANREP and E. v. SAALFELD. 

[From the Physiological Laboratory, University of Cairo.) 

In spite of the extensive researches made during recent years, some of the 
most fundamental questions concerning the coronary circulation still 
remain a field of considerable debate. The question whether the blood 
supply to the heart muscle is maximal during the period of systole or 
during the period of diastole seems to be the centre of most violent and 
uncompromising exchanges of opinion. 

A comprehensive review of the literature on the coronary circulation 
was recently made byCondorelli [1932]. Amongst other problems, the 
deals in a purely objective and unbiased way with the different 
opinions about the extent to which the cardiac contraction may affect 
the coronary flow. Condorelli concludes that the blood supply to the 
left ventricle during the period of systole is but little affected by the 
systolic rise of the aortic blood-pressure. A second monograph on the 
same subject byHochrein [1932] is chiefly devoted to a restatement of 
the author's own opinions and to an attempt to prove that the maximal 
blood supply to the heart occurs, as in any other organ, during the period 
of systole. This conclusion is supported by references to the author’s 
former publications. No new facts are provided, and the criticism of his 
experiments which was made in communications from this laboratory 
[Anrep, Davis and Volhard, 1931; Davis, Littler and Volhard, 
1931] is left unanswered although it is mentioned. We refrain from any 
polemical discussion of this problem, as we prefer to subject the question 
to a stiU further experimental test. 

If the coronary artery were suddenly and completely blocked for a 
short time during some definite period of the cardiac cycle, the effect of 
this block on the blood supply to the heart muscle would depend on 
whether the clamping period coincided with the period of maximal or of 
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minimal blood flow througli the artery. If the blood flow tliroiigli the 
coronary artery were entirely uniform throughout the cardiac cyclt% 
repeated short periods of clamping would always have the same effcict 
upon the blood flow, and it would be immaterial whether these periods 
of clamping fell within the systole or the diastole. So long as the blood 
flow through the coronary artery is not uniform, however, and so long 
as periods of larger and smaller flows stand in some definite relation to 
the cardiac cycle, clamping of the coronary artery which coincided with 
the periods of reduced flow would produce a small diminution of the flow 
through the artery, while clamping which coincided with periods of large 
flow would produce a large diminution. If at some definite phase of the 
cardiac cycle the flow is at a standstill, clamping of the artery which 
exactly coincided with this phase should produce no change in the blood 
flow whatever. By gradually shifting the period of clamping so as to 
make it fall within different stages of the cardiac cycle, it should be possible 
to determine at which stage the clamping prodxices the minimal effect 
and thus to decide whether the blood supply to the heart is smaller during 
systole or during diastole. 

If a glass tube is provided at each end with a rotating tap, the periods 
of closing and opening of which could be made to coincide or to alternate, 
the effect of closing these taps upon the flow of liquid through the tube 
would be maximal in the case of alternate closing; and if the closure of 
one tap were to coincide exactly with the opening of the other, the flow 
would be reduced to zero. Approximately similar conditions should hold 
for the heart, except that in this case we deal not with a rigid tube but 
with blood vessels which have certain elastic properties. In this respect 
one could compare the effect with that produced by turning two taps 
which are placed at the ends of a rubber tube. In the case of alternate 
closure of the taps, the rubber tube would be distended when the distal 
tap was closed and the proximal tap opened. When the proximal tap was 
closed and the distal one was opened, the rubber tube would empty itself 
to an extent determined by its. elasticity. Therefore the flow of liquid 
would be considerably reduced but not completely stopped. 

A constant effect of periodical clamping of an artery can only be 
hoped for if the clamping always takes place during some definite period 
of the cardiac cycle, and if the length of each clamping period is main¬ 
tained constant. The most definite results should be expected if the length 
of clamping is made equal to the length of the period of the minimal or of 
the maximal blood flow through the artery. The apparatus necessary for 
this purpose should therefore be constructed so as to allow the clamping 
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Fig. 1. The clamping apparatus. A are pulleys for driving the apparatus. B is an ebonite 
disk carrying a spring contact a for the “driving circuit” and a brass plate contact x 
for the “clamping circuit.” The arm O is stationary and is insulated from the shaft; it 
can be fixed in any position in relation to the rotating disk, so that the moment at 
which the single induction shocks affect the heart can be changed; c is a brass circle 
which is in constant contact with the spring ball d* The brass plate x forms a sector 
of 180° of the disk close to the shaft and 36° at the periphery; the spring ball contact y 
is fixed on a swing arm which can be adjusted in any desired position so as to activate 
the clamping circuit for any duration between OT and 0*5 of a revolution of the disk. 
B is the electromagnet and D the plunger-like extension of its armature which clamps 
a short piece of rubber tubing connected with the coronary cannula. 

PH. LXXIX. 
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to be made at any desired phase of the cardiac cycle and to Ixi coii'* 
tinned for any desired length of time. Wo are grcjrtly indel)t(xl to the, 
instrument maker of the University, Mr F. W. .King, for tlu‘ c.oiistructioii 
of an apparatus which fulfilled these requiremeiitvS (see Fig. I.,). ini- 
portant feature of the apparatus is that it can activate two imiopeudeiit 
electric circuits in such a way that the moment of activation of citlior of 
them and the duration of the activation of one can be altered at will One 
circuit is connected with a pair of electrodes placed on the aurich^ or 
ventricle of the heart. Through these electrodes, by means of single in¬ 
duction shocks, the heart is driven to beat at a constant rate between 
100 and 160 beats per minute. The contact for this circuit is made be¬ 
tween a wire fixed on the rotating ebonite disk of the apparatus and a 
stationary spring contact. The second circuit is used to activate an 
electromagnet, by means of which the actual blocking of the coronary 
blood flow is effected. One of the contacts for this circuit is made out of 
a brass plate of a special shape and is fixed to the same rotating disk. The 
second contact for this circuit can be placed in such a position relative 
to the rotating disk that it can be made to slide over the brass plate con¬ 
tact for any desired fraction of the disk, cutting through sectors from 
36 to ISO"^, On setting the disk in rotation, the clamping circuit can thus 
be activated for any length of time between one-tenth and one-half of 
the period of rotation. The position of the driving contact can be shifted 
round the whole disk, and thus the beginning of the activation of the 
clamping circuit can be made to coincide with the activation of the 
driving circuit, or can be made to follow it at any time within the period 
of revolution of the disk. In this manner the clamping of the coronary 
artery can be made to occur during any phase of the cardiac cycle and 
to continue from 0-1 to 0*5 of the cycle length. 

The clamping was made by an electromagnet, the armature of which 
was connected with a plunger which could slide into a little groove. The 
electromagnet was strong enough to lift a weight of 2 kg, and to clamp 
a thin-walled rubber tube connected with a water pressure of 500 mm. 
Hg. The excursions of the electromagnet did not exceed 4 mm. and the 
clamping was extremely rapid. The registration of the clamping was made 
by means of a small electromagnetic signal connected with the clamping 
circuit. In order to determine the rapidity of the clamping and the ac¬ 
curacy of its registration by the signal, the following tests were made. 
A reservoir containing water was placed at a suitable height and con¬ 
nected by means of a metal tube to a cannula, the nozzle of which was 
provided with a short piece of thin rubber tubing. This rubber tube was 
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placed in the groove under the plunger of the electromagnet, and the 
flow of water through the tube was measured before and during periods 
of clamping. The disk bearing the contact was set in rotation at some 
definite rate, and the length of each individual clamping of the tube was 
changed between the measurements of the flow by one-tenth of a revolu¬ 
tion of the apparatus. Even under the best conditions one would hardly 
expect that, with each prolongation of the clamping time by one-tenth, 
the flow would diminish by exactly 10 p.c. The apparatus, however, 
worked quite satisfactorily, as can be seen from the following example. 
The free flow of water through the tube was 55 c.c. per min. The clamping 
contact was set in rotation at 150 revolutions per min., and the length 
of each clamping was increased by one-tenth of a revolution from 0*1 to 
0*6, an increase of 0*04 sec. each time. The corresponding diminutions of 
the flow with each increase of the length of clamping were 9*0, 19*0, 29*0, 
39*5 and 49*0 p.c. 

Hot-wire registration of the outflow of water from the reservoir, or 
of the outflow from the cannula beyond the place of clamping, showed 
that the clamping was extremely rapid, the flow being arrested within 
0*02 sec. The signal which was used for the registration of the clamping 
was found to work quite synchronously with the electromagnet. This was 
ascertained by simultaneously photographing on a roll-paper camera the 
movement of the armature of the electromagnet and the movement of 
the signal. 


The blood flow through the coronary artery. 

For the success of the experiments, it was imperative to have an 
accurate measurement of the minute flow through the coronary artery, 
and an exact knowledge of the phase of the cardiac cycle during which the 
clamping of the blood supply took place. The cardiac cycle was registered 
by means of a Wiggers optical manometer (vibration frequency 130-150 
per sec.) which was inserted through the left subclavian artery into the 
aorta, when the experiment was made on the whole animal. In some 
experiments this was supplemented by an electrocardiogram, for which 
direct leads were taken from the ventricle. All our observations were 
made on the circumflex branch of the left coronary artery. The experi¬ 
ments were made on dogs weighing 8-12 kg., anaesthetized with chloralose 
or sodium luminal. In the whole animal, heparine was used to prevent 
coagulation. The chest of the experimental animal was opened through 
a midsternal incision, and artifloiai respiration was carried out by an 
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''Hear' respiratory pump* The coronary artery Wcas either pcu’fuseci from 
a reservoir containing blood, which was placed at a suito,blc height above 
the animal, or from the aorta of the animal througli a connection h^u-diiig 
from, the subclavian artery to a cannula which was insiirted into tlic peri- 


pheral end of the coronary artery. The per- 
fusion from the reservoir (constant pressure 
perfusion) could be switched over to the per¬ 
fusion from the aorta (autoperfusion with the 
pulsatile pressure) by turning a tap with a 
large bore (Pig. 2). All connections between 
the perfusion source, whether aorta or reser¬ 
voir, and the cannula were rigid. The few end- 
to-end glass connections were made with very 
inelastic thick pressure tubing. These precau¬ 
tions were especially necessary in the case of 
the autoperfusion, since otherwise the trans¬ 
mission of the pulse pressure from the aorta to 
the coronary artery might have been delayed 
and the cardiac systole would not have coin¬ 
cided with the rise of the blood-pressure in the 
artery. In consequence of this, the maximal 



pressure in the coronary artery would have 
been shifted somewhat towards the diastole. 
On many occasions we measured simultaneous¬ 
ly the blood-pressure in the aorta and in the 
coronary cannula, and proved to our satisfac¬ 
tion that the rigidity of the apparatus was 
sufficient to prevent such a displacement. The 
blood flow through the artery was recorded 
by means of a small Stolnicov stromuhr 
of about 10 c.c. capacity. The time taken 
for a flow of 5 c.c. was measured with an ac- 


.Fig. 2 Bhows tho arraagomciit of 
tho apparatus, p is the con¬ 
nection with the perfuBion 
reservoir containing l>lood, m, 
m the o|)ti(^al nianomoter, ^ 
the Btroinuhr, o the place of 
clamping by tho elec^tromag- 
net, and T is a tap l)y meana 
of which the perfusion of tho 
(toronary artery with the con- 
Btant prewHure can bt!*, ehangeti 
to tho aatoperftXHion with tins 
pulsatile aortic pr(%4Hure. The 
apparatus is rigid and its ta|)8 
have a boro of 4 rnm,. in dia¬ 
meter. 


curacy of half a second, which means that with an average blood 
flow of 20-26 c.c. per min. the measurements were accurate to about 


0-2 c.c. 


On the way to the coronary artery, and immediately preceding the 
cannula which was introduced into it, the blood was made to pass through 
a short piece of thin-walled rubber tubing, the internal diameter of which 
was 3 mm., while the length of the free part of the rubber tube was equal 
to 3-4 mm. The rubber tube was placed in a groove underneath the 
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plunger of the electromagnet which, when periodically activated, clamped 
the tube in the middle of its free part. The plunger was 2 mm. wide, so 
that the displacement of fluid in the tube during the clamping was ex¬ 
tremely small (about 0*01 c.c.). 



iFig. 3. A and B show the registration of the exact moment and the duration of the coronary 
clamping in relation to the cardiac cycle. Records of the aortic blood-pressure; the 
top line is the signal recording the clamping by an upward movement. In A the clamping 
starts during systole and extends slightly into the diastole; in B it starts in diastole and 
ends soon after the beginning of systole. Records 0 and D show a similar experiment, 
together with a hot-wire registration of the inflow of blood into the perfused coronary 
artery. The interrupted straight line across the records is the base line for the hot wii'e- 
With increase of the blood how, the shadow of the string moves downwards. The vibra¬ 
tions of the hot-wire record are caused by the impacts of the electromagnet. For other 
explanations see text. All the tracings in this paper should be read from left to right- 
Time in 0*2 sec. The time lines in these tracings run somewhat obliquely because of an 
instrumental error; they are nevertheless accurate, 

Tbe heart was driven to beat at a constant rate throughout a whole 
experiment. Several consecutive measurements of the free blood flow 
through the coronary artery were made. The clamping circuit was then 
switched in, and the blood-*flow measurements were repeated. In order to 
know the exact time within the cardiac cycle during which the clamping 
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took place, the aortic blood-pressure was recorded photograpliieaJly, to¬ 
gether with the movement of the electromagnetic signal. As said Ixdore, 
in some experiments this was supplemented by an electrocardiogram* An 
example of an actual record is given in Fig. 3 A and B. In the I'lrst the 
clamping starts during systole and extends somewhat into the diastole. 
In the second it starts during diastole and extends into the next systole. 
The relative position of the clamping period within the cycle wa,s then 
changed hy adjusting the moment at which the driving induction shock 
was sent into the heart. Measurements of the blood flow were repeated 
with every new change of the clamping. In between eacli change the 
clamping was stopped, and the free flow through the coronary artery was 
again determined. Usually the procedure was such that three or four 
measurements of the free flow were interimposed between two or three 
measurements during the periods of clamping. In some experiments 
with perfusion of the artery with a constant pressure, a hot-wire registra¬ 
tion of the inflow of blood into the artery was also made. An example 
of such a record is given in Fig. 3 C and D, which was obtained from an 
experiment on the whole animal. In the first record the clamping starts 
a little after the onset of systole and extends slightly into the diastole. 
In the second it starts at the dicrotic notch and continues during a long 
stretch of diastole. The hot-wire record, although distorted by the vibra¬ 
tions caused by the electromagnet, shows that the systolic diminution of 
the blood flow develops considerably more rapidly in Fig. 30 than in 
Fig. 3D. In the first case the diminution is started by the systole and 
accentuated hy the clamping of the artery. In the second the diminution 
is due to the systole alone; the clamping begins at the moment of the 
minimal blood flow and only serves to prolong this diminution. 

TIochrein states that in the whole animal, when the coronary artery 
is perfused at a constant pressure, the maximal blood flow occurs during 
systole, which would imply that during systole the heart muscle opposes 
the minimal resistance to the blood flow. Since, during normal pxilsatile 
aortic perfusion of the artery, the maximal pressure in the coronary 
artery is synchronous with the maximal pressure in the aorta, one would 
expect in the whole animal a most vigorous systolic perfusion of the heart. 
This is the reverse of what we find in the heart-lung preparation [Anrep 
and Hausler, 1928, 1929] and in the isolated perfused heart [Bossier 
and Pascual, 1932]. But Hochrein considers that the conditions of 
the circulation in the heart-lung preparation are so abnormal that the 
coronary circulation may be entirely changed. Without going into this 
question any further, we should like to say that it is difficult to under- 
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stand wliy a coronary artery, which is perfused at a constant pressure 
from an outside source, should behave in such a strikingly different 
manner in the heart-lung preparation and in the whole animal. In our 
previous experiments we found no such difference. Whether in the heart- 
lung preparation or in the isolated heart or in the whole animal, the per¬ 
fused coronary artery had invariably a minimal blood flow during systole 
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Pig. 4. Percentage diminution of tbe minute blood flow tlirough the left circumflex 
coronary artery during short periodical clampings of the artery at various phases of 
the cardiac cycle. The diagram should be readfrombelowupwards. The two rectangles at 
the bottom and at the top represent the duration of the systole, and the space between 
them represents the duration of the diastole. The ascending row of straight lines shows 
the duration of the clamping and its position within the cycle. A is from an experiment 
on the heartdung preparation ^ B is from an experiment on the whole animal. The 
dotted line with crosses shows the result of clamping during a constant pressure per¬ 
fusion; the continuous line with circles shows the result during autoperfusion. 


and a maximal during the second half of diastole. However, since the 
objection has been made, we decided to perform our experiments on the 
whole animal and to compare the results with those obtained on the 
heart-lung preparation. The result of two experiments is given in Fig. 4. 
The left-hand side of the figure shows the effect of clamping of the 
coronary artery at different periods of the cardiac cycle in a heart-lung 
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preparation, the right-hand side shows the results obtained on tlie wliole 
animah 

Tlie figure sliould be read from below upwards. Tluj width of tlu^ two 
rectangles at the bottom and at the top of each side of tlie figure rivpfesoiits 
the average length of systole, while the distance lietwcuni tlie rectanglc\s 
represents the length of diastole. The gradually ascending row of straight 
lines shows the duration and the position of the clamping oi; the coronary 
artery in relation to the cardiac cycle. The part of the lines which lies 
within the rectangles shows the length of clamping which fell within the 
systole, and the parts lying between the rectangles within the diastole. In 
the experiment on the heart-lung preparation, two sets of measurements 
were made with each new changed position of tlie clamping, one while 
the coronary artery was perfused from a reservoir at a constant pressure 
of 110 mm. Hg, and the other during autoperfusion from the aorta of the 
same preparation. (The average systolic pressure was 160 and the 
average diastolic pressure was 100 mm. Hg.) The percentage diminution 
of the coronary blood flow is shown in the case of the constant pressure 
perfusion by crosses (dotted line) and in the case of the autoperfusion by 
circles (continuous line). It can be seen that, with the gradual encroach¬ 
ment of the clamping on the diastole, the effect of it on the blood flow 
increases. Clamping of the artery during diastole has a conspicuously 
greater effect than a similar clamping during systole. The clamping 
during the second half of the diastole has a somewhat greater effect than 
the clamping during the beginning of the diastole. Fig. 4B shows that 
there is no difference between the behaviour of the heart in a heart-lung 
preparation and in the whole animal. The effect of the coronary clamping 
was found to be in both cases the same in character and magnitude. 

In some experiments on the whole animal the clamping of the (coron¬ 
ary blood flnw at various periods of the cardiac cycle was made during 
constant pressure perfusion as well as during autoperfusion from the 
aorta. In other words, the experiment was done exactly in the same way 
as the one on the heart-lung preparation, the results of which, are given 
in Fig. 4 A. The results were the same in the two cases. A large number 
of observations was made by us on many animals and all cases gave the 
same results, except that the extent of the effect differed from one animal 
to another. The greatest diminution of the coronary blood flow during 
diastolic clamping, which occupied about one-half of the diastole, was 
54 p.c. The smallest effect was 28 p.c. Systolic clamping had in some 
experiments almost no effect on the coronary blood flow, and in others 
it slightly reduced the flow, usually by not more than about 5 p.c.; only 
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m one experiment was the diminution of the flow as great as 10 p.c. We 
found no difference in the result after section of the cervical vagi. From 
a consideration of these experiments the conclusion seems to be unavoid¬ 
able that the blood flow through the coronary artery is maximal during 
diastole and minimal during systole. It also seems obvious that in this 
respect there is no fundamental difference between the heart-lung pre¬ 
paration and the whole animal and that, disregarding minor points, the 
circulatory conditions in the perfused and in the autoperfused artery are 
comparable. 


The blood-pressure in the coronary artery. 

Further evidence in favour of this conclusion was obtained by measure¬ 
ments of the blood-pressure in the coronary artery between the place of 
clamping and the heart. If, during the periods of the systolic clamping, 
there is little or no inflow of blood into the heart, then the pressure in the 
cannula, from the beginning of the clamping until the time when the next 
diastole sets in, must remain approximately at the level at which it was 
during the moment of clamping. On the other hand, if during the dia¬ 
stolic clamping there is no restriction of the blood flow into the heart 
muscle, the pressure in the coronary cannula should progressively fall 
during the whole period of clamping. In order to test this, the coronary 
cannula was provided with a wide side branch, which was connected to 
a high-frequency optical manometer. The stromuhr was omitted, so that 
the whole preparation consisted in the establishment of a communication 
between the aorta and the coronary cannula. This connection was made 
entirely rigid except for the 3-4 mm, length of the rubber tube under the 
plunger of the electromagnet. Thus during the clamping the pressure was 
measured in the peripheral end of the coronary artery. The cannula carry¬ 
ing the side tube was introduced, as in the blood-flow experiments, into 
the circumflex branch of the left coronary artery. The heart was driven 
at a constant rate and the blood-pressure in the artery was recorded 
during the periods of clamping at various phases of the cardiac cycle. 
Fig. 5 shows the effect of a purely systolic and of a purely diastolic 
clamping. The records speak for themselves. During the systolic clamp¬ 
ing, not only is there no fall but there is a definite rise of the pressure in 
the artery; during the diastolic clamping there is a precipitate and con¬ 
spicuous fall. This effect is equally well marked in an artery which is 
perfused at a constant pressure and in one which is perfused by the 
pulsatile aortic pressure. The rise of pressure during systolic clamping 
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was not observed in all experiments. In many cases, iiistejul of flu*, 

pressure remained steady at the level at wliich it was when tlw* riainpiiig 
took place. It fell abruptly only with the onset of the dia,stole, hi other 
experiments there was a small fall of pressure during t'-Iu*. systolic? (?]a.ni|)- 
ing. This fall, however, was negligible as compared with, tin? huge drop 
of pressure observed during the diastolic clamp!,ng, wl:ie,n tlu? pressure 



Fig- 5. The effect of clamping of the coronary artery upon the coronary blooctpreasnre. 
The top line is the signal recording the clamping; the dotted curves show the hlooct 
pressure before the periodical clamping was begun- Tracings A and B are taken from, 
the same experiment. In A, systolic t^Ianiping, in .B, diastolics clamping, ^trac^ing (.1# 
from another experiment, shows tlie beginning of a clamping period, Idle tirst (dampteg 
is very short and purely diastolic. The next clampings start during systole and involve 
a part of the diastole. Note that the drop of the blood-pressure occurs on,ly during the 
diastolic part of the clamping. During the systolic clamping the blood-prosHur© in 
these two experiments shows a considerable rise. 

may fall almost to zero. Only in one experiment was the fall of pressure 
during the systolic clamping rather considerable, but even here it was 
still very much smaller than that taking place during the diastolic 
clamping. In this-oase a particularly large auricular branch was found to 
leave the coronary artery just below the nozzle of the cannula. 

The difference between the effect of systolic and diastoho clamping 
is even better observed when the driving of the heart is omitted. The heart 
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is allowed to beat at its own rhjTtlim, while the clamping is set to work at 
a rhythm which is slightly faster or slightly slower than the heart rate. 
The clamping thus gradually shifts with each heart beat from diastole 
more and more into the systole and then again into the diastole. In this 





0 . 


Fig. 6, Whole animal. The effect of two successive clamxjings of the coronary artery upon 
the coronary blood-pressure. The dotted curve is a retraced record of the aortic blood- 
pressure. (1) is the end of a clamping which was partly systolic and partly diastolic, 
(2) a systolic clamping, (3) a diastolic clamping. The dotted line continuing the drop 
of pressure in (3) is retraced from the 2l8t cycle following, in which an exactly similar 
relative position of the clamping took place and in which the camera was moved so as 
to include the low pressure levels. An E.C.G. (direct leads from the ventricle) was taken 
during this experiment. During the systolic clamping the blood-pressure fell by 
16 mm. Hg; during the diastolic clamping it fell by 94 mm. Hg, almost reaching zero. 

way one gets all the possible combinations in the time relations between 
the cardiac cycle and the clamping. It would he impossible to reproduce 
an original record of such an experiment on account of its length. There¬ 
fore we give only a smaE section of a record (see Fig. 6), in which a systolic 
clamping is followed by a diastolic clamping, and a diagram which is 
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composed of retraced pressure records obtained in an experiment with 
autoperfusion on the whole animal (see Fig. 7). We would like again to 
stress the fact that experiments on the whole animal and on tlui he.arfc“ 
lung preparation with autoperfusion and with constant pressure perfusion 
gave the same results. 



Fig. 7. Retraced suporimpoaed records of changes in the blood-pressxire in the coronary 
artery during its clamping at various phases of the cardiac cycle. All the records were 
obtained in the same experiment on the whole animal. The continuous curve represents 
the blood-pressure in the coronary artery when no clamping took place. The dotted 
lines show the change in the pressure during the period of clamping. The Icnigth of 
clamping in all cases is the same. 1, 2, 11 and 12 begin during diastole and end. during 
systole; 3 and 4 are purely systolic; 5and 6 begin during systole and end during diastole; 
7, 8, 9 and ,10 are purely diastolic. 

Summary and conclusions. 

In previous communications from this laboratory it has been showily 
by means of hot-wire measurements of the inflow into the perfused left 
coronary artery, that the heart offers the greatest resistance to the blood 
flow during the period of systole. These experiments were repeated and 
no difference was found in this respect between the heart-lung prepara- 
tion and the whole animal. In further experiments it was shown that, 
with small differences, the same holds true for a heart in which the 
coronary artery gets its blood supply from the aorta. The results of the 
experiments described in this communication lend further support to our 
former observations by showing that: 

(1) Eepeated obstructions of the coronary blood flow which occur in 
diastole conspicuously reduce the blood supply through the artery; on* 
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the other hand, equal obstructions which occur during systole have 
almost no effect upon the blood flow, Tliis result demonstrates that the 
blood supply to the heart during systole is negligible. 

(2) Measurements of the blood-pressure between the place of clamp¬ 
ing and the heart muscle show that during systolic clamping there is no 
change or sometimes even a rise of pressure in the coronary artery, while 
during diastolic clamping there is a precipitate fall of pressure. This result 
demonstrates that the heart muscle opposes the greatest resistance to 
the coronary blood supply during systole and the smallest resistance 
during diastole, 

(3) These results W’^ere obtained in the heart-lung preparation and in 
the whole animal, in artificially perfused coronary arteries and in arteries 
which remained in connection with the aorta. 
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AFFERENT IMPULSES IN THE VAGUS AND 
THEIR EFFECT ON RESPIRATION. 

By E. D. ADRIAN. 


{From the Physiological Laboratory, Cambridge.) 


In an early paper on sensory nerve impulses [Adrian, 1926] the writer 
gave a brief account of the discharge in the vagus during respiration. 
More detailed studies have been made by Keller and Looser [1929] 
and lately by Partridge [1933], but neither of them gives records of 
the discharge in the individual nerve fibres. Without these it is difficult 
to know whether all the vagal endings are alike, and difficult to compare 
them with other sense organs. The present work deals with these points 
and with another question on which there has been some apparent 
disagreement, that of the existence of sensory endings responding to 
deflation of the lungs. The results confirm Keller and Loeser in demon¬ 
strating such endings, though the deflation needed to excite them can 
seldom occur in a normal animal. A final section deals with the effects 
of the vagal discharges on the respiratory centre. 

Method. 

Most of the experiments on the afferent discharge were made on cats, 
decerebrated or decapitated under chloroform and left until the effect 
of the ansesthetic had worn off. Some were made on rabbits anaesthetized 
with urethane, dial or chloralose, and these ansesthetics were also used 
in cats when the reflexes were investigated. In all hut a few experiments 
a tracheal cannula was inserted and the movements of the lung were 
signalled by a rubber tambour leading from a side tube, the main branch 
being left open or connected temporarily to a 20-litre bottle. A small 
bottle (3 litres) was used to produce dyspnoea and various gases could 
he breathed from a Douglas bag. In many experiments artificial respi¬ 
ration was carried out by a pump with a rotary valve producing a known 
inflation at each stroke (PalmePs ^‘IdeaP’ model). To study the effect of 
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increased or dioiinislied external pressure on tlie^ tliorax tlie animal was 
placed in an air^tiglit tank as in the experiments of Hammouda and 
Wilson [1932]. 

Except in the experiments on vagal reflexes the nerve was cut high 
up in the neck and dissected out for about 4 cm. To obtain the discharge 
in individual fibres it was subdivided with fine needles after removal of 
the sheath. Small bundles of nerve fibres are split off the main trunk, 
and in the cat it is nearly always possible, by further subdivision, to 
reach a stage at which the impulses form a single series. In the moist 
atmosphere of the incubator in which the animal is placed the nerve 
remains in good condition for several hours. Persistent discharges from 
the cut end seldom occur and can be abolished by further stripping of 
the sheath. The impulses were recorded in the usual way with a con¬ 
denser-coupled amplifier, a Matthews oscillograph and a loud speaker. 
Silver silver-chloride Einger electrodes were used with worsted leads to 
the nerve. 

Eesults. 

A detailed study of the discharge in single fibres was made only in 
the cat, for the slower rate of breathing makes it easier to analyse the 
sequence of events than in the rabbit. The general behaviour of the 
sensory endings is the same in the rabbit, though the existence of a 
separate cardiac depressor nerve is an important anatomical difference. 
Since the cat’s vagus contains other afferent fibres besides those con¬ 
cerned in respiration it will be convenient to describe first the various 
types of afferent discharge which are not purely respiratory. 

Discharges without the respiratory rhythm. 

The greatest activity in the vagus always occurs at inspiration, and 
the majority of the fibres which yield measurable action potentials are 
evidently connected with sense organs which are excited by the expansion 
of the lungs. But besides these there are groups of impulses occurring 
at each heart beat, irrespective of the state of the lungs, and there is 
sometimes a persistent discharge in a few fibres with no sign either of 
cardiac or respiratory rhythm. 

Persistent discharges. The records in Fig. 1 0 and D show one con¬ 
tinuous series of impulses uninfluenced by the expansion of the lungs 
together with a respiratory discharge of the usual type in several fibres. 
The former came from an ending near the trachea or lung root: it was 
increased in frequency by pulling the trachea slightly upwards and 
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abolislied by pressing it downwards (Fig. 1 D). Similar discharges liave 
been found in three preparations, and in some others there have been 
persistent discharges arising from within the thorax but not aifectoil Ijy 
the position of the trachea or the expansion of the lungs. Some of them 
have changed in frequency when the animal was placed on its side, but 
with others the factors responsible for stimulation have not been made 
out. The majority of the endings which give persistent discharges are 



Mg. 1. Records showing afferent discharges in the vagus not influenced by respiration, 
all from decerebrate cats. A. Preparation with many nerve fibres, some giving 
cardiac rhythm. The usual respiratory discharge occurs at the beginning and end of 
the record. B, Record at higher speed showing cardiac discharge in two or three 
fibres. C. Persistent discharge (frequency 80 per sec.) due to alight traction on trachea. 
A respiratory discharge occurs in other fibres in the middle of the record. I), Per¬ 
sistent discharge abolished by moving trachea downwards. Time marker (white lines) 
gives i sec. intervals in these and in all records. 


evidently receptors of the slowly adapting or postural type stimulated 
by mechanical deformation but placed in regions which are not affected 
by the movements of the heart or lungs. 

Cardiac discharges. In some cats the cardiac fibres {i.e. those giving 
a pure cardiac rhythm) are grouped into a slender nerve which runs with 
the vagus but is easily separated from it. In other animals there is no 
separate sheath, but the cardiac fibres are grouped together, so that if 
the vagus is split repeatedly cardiac fibres will be present in one or two 
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of tlie bundles but absent in the rest. This arrangement is often present 
in the right vagus although the cardiac fibres are contained in a separate 
nerve sheath on the left side. Examples of the cardiac type of discharge 
are shown in Fig. 1 A and B. In Pig. 1A some of the fibres come from 
the lung and signal mspiratioxi whilst others give cardiac rhythm. The 
discharge in each fibre usually consists of three or more impulses at each 
heart beat: by shxinting a fraction of the electrocardiogram into the 
electrode system it can be shown that the impulses coincide with each 
systole. The number of impulses at each heart beat is increased by raising 
the blood-pressure and reduced by lowering it, and in general the dis¬ 
charge agrees very closely with that in the rabbit’s cardiac depressor 
and carotid sinus nerve [of. Bronk and Stella, 1932], 



Fig, 2. Record from single fibre of vagus (decerebrate oat) showing discharge with mixed 
respiratory and cardiac rhythm. A, normal breathing; B, dyspnoea. Signal line moves 
upwards on inspiration: in these and other records it has been drawn in where it is 
too faint for reproduction. The duration of each record is 3 secs. 

Discharges with mixed respiratorg and cardiac rhythm^ Since the struc¬ 
tures near the root of the lung will be deformed by the pulsation of the 
heart and great vessels as well as by the movements of respiration we 
might expect to find some endings which are stimulated by both events. 
These are often found and the type of discharge they give can be seen 
from the records in Fig. 2. The cardiac rhythm is less constant than 
the respiratory and may disappear when the position of the animal is 
changed. The fibres which give this double rhythm form only a small 
minority of those in the vagus and in many preparations they have not 
been detected. 

Respiratory discharges: endings stimulated by inflation. 

In natural breathing (cat or rabbit) the frequency of the impulses in 
the vagus rises to a maximum at inspiration and falls to a minimum as 
the lungs contract. This is true both for quiet breathing and for extreme 
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dyspiicBa induced by COg. In the whole nerve there are iiBiially a good 
many fibres in which the discharge never ceases entirely (luring thc3 
interval between inspirations, though in dyspnma tlie numlxn: bcH;ornes 
less and less as the deflation of the lungs at expiration becomes inorc^. 
complete. Typical records in which the impulses form a single series are 
given in Fig. 3 and a record from the rabbifi’s vagus is included for com¬ 
parison (Fig. 3 A). Curves of impulse frequency are given in Fig, 4. The 
frequency rises and falls along a smooth curve as the lungs expand and 



Fig. 3. Komal respiratory discharge in single fibres of the vagus. A, from a rabbit under 
urethane; B, C and D, from decerebrate cats. Whit© line signals respiration and moves 
upwards when lungs expand (tambour connected to air reservoir), ^rime marker gives 
J sec. intervals. 

coatraot, and the records might well have come from the stretch re¬ 
ceptors of a muscle extended and relaxed rhythmically. The likeness 
remains when the expansion of the lungs is controlled by inflating them 
artificially. In Kg. 5, for instance, it can be seen that the frequency 
depends on the degree of inflation and falls off very slowly when the 
inflation is maintained. 

We are dealing therefore with an ending which is like the muscle 
spindle in having a very slow rate of adaptation to the stimulus. The 
stimulus is evidently the actual deformation (stretching) of the tissues 
in which the endings are placed. Air currents are not essential, for the 
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discharge continues when the lungs are held inflated. The pressure of 
the air in the alveoli is also immaterial (except in so far as it produces 



Fig. 4, Frequency of impulses in single fibres of the cat’s vagus during normal 
breathing. Two preparations, both decerebrate. 



Fig. 5. Spinal oat, single fibre preparation. Inflation of the lungs by pump. 
Movement of signal line directly proportional to inflation, 

A. Inflation = 65 c.c. Maximum frequency 80 per sec. 

B. „ =115 c.c. „ 120 „ 

C. „ =230 c.c. „ 250 

deformation), for the discharge is the same for a given, degree of ex¬ 
pansion whether this is produced by blowing air into the trachea or by 
the natural movement of respiration. 


23—2 
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The relation between the degree of inflation and the frequency of the 
discharge in single fibres is shown in the curves hi Bhg* G. It is approxi* 
mately linear over the range investigated, and in this it agr(H‘s with, 
Partridge’s findings for the rabbit’s vagus (several fibres). It is scare,(dy 
possible, however, to compare the form, of the stinniliis-frcqucaicy rela¬ 
tion shown by the vagal endings with that of other sense organs, for in 
no case can we form more than a very rough estimate of the relation 
between the stimulus which we measure (volume increase of lung, tension 



Fig. 6. Maximum discharge frequency in single fibres with varying inflation of lungs. 
Spinal cats. The two upper curves are from a small animal and show two scries of 
measurements made within 10 min. The lower curve (also two series) is from a larger 
animal. 


OE muscle, etc.) aud the deformation wHch. it -will produce in the sensory- 
endings. 

Adaptation. KellerandLoeser [1929] state thatthe discharge in the 
rabbit’s vagns depends on the rate of inflation of the lungs as well *8 on 
the final extent, but Partridge [1933] finds no difference in the maximal 
frequency whether the inflation is slow or rapid. The discrepancy prob¬ 
ably arises from differences in the range of stimuli employed, for in single 
fibres of the cat’s vagus there is evidence of adaptation, but with stimuli 
of moderate intensity the effect is slight. When the degree of inflation 
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does not produce a frequency higher than about 50 per sec. there is little 
difference in tlio maximal frequency caused by an inflation developing 
in I sec. or 3 scc.j and after 10 sec. maintained inflation the frequency 
has seldom fallen by more than 5 p.c. But with rapid inflations, giving 
higlier frequencies, there is an early decline from the maximum as there 
is in the discharge from a stretched muscle spindle. Curves illustrating 
this are given in Fig. 7. It is possible that the initial decline may be due 
in part to a redistribution of air in the lungs allowing the areas first 
expanded to contx'act slightly, but the rate of decline is not appreciably 


100 


50 


Secs. 1 2 3 Secs. 5 10 30 

1%. 7. Frequency curves from single fibres to show adaptation to stimulus* Spinal oat. 

changed by binding the abdomen. After the initial decline the rate 
remains constant or falls slowly provided that the endings are in good 
condition. The fall is much more rapid when the circulation has failed 
(see later, p. 341). 

Wedenshy effect. In a few preparations an interesting result has 
followed from an extreme inflation of the lungs. The frequency rises to 
300 per sec. or more and then falls suddenly, the discharge becoming 
irregular and finally ceasing altogether (Fig. 8 B). If some of the air is 
allowed to escape, the regular discharge reappears at a frequency in the 
neighbourhood of bO-lOO per sec. This result is obviously an example 
of the Wedensky effect, closely resembling that found by Tsai [1931] 
when impulses from a frog’s muscle spindle are recorded in a nerve fibre 
which has been led through a narootizing chamber. In Tsai’s experi- 
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ments a discliarge of low frequency could pass the narcotic blocks but 
if the frequency was raised by increasing the tension on the iiiuscle 
conduction failed, either partially or completely, to return agai,ii whm 
the tension on the muscle (and therefore the frequency of the incjoining 
discharge) was lowered. In the present experiment it is conceivable tliat 
the failure occurred in the region of the nerve ending, but more likely 
that some impairment of conduction was produced in the nerve libre by 
the dissection. Even if the fibre escaped all damage, the cut ends of 
other fibres might affect it by causing an electrotonic block or by raising 
the concentration of potassium ions etc. in its neighbourhood. 

Variations in threshold^ etc. With the circulation intact and the lungs 
aerated the vagal endings which signal expansion have all agreed in 



Fig. 8. A. Record from two fibres to show variation in threshold and in discharge fre¬ 
quency for a given stimulus. Spinal cat. The series of small impulses shows a cardiac 
grouping (as in Fig. 2). B. Wedensky effect. With extreme inflation (250 c.c.) the 
discharge frequency rises to 300 per sec. and then becomes irregular. Spinal cat. 


showing a very slow rate of adaptation. Judged by this criterion all of 
them are of the same type. There are, however, considerable differences 
in excitability, or rather in the amount of inflation needed to stimulate 
the different endings. This may be seen from Fig. 8 A which shows the 
discharge in two vagal fibres during a gradual inflation. 

Whatever its cause, this variation in threshold will evidently increase 
the range of the signalling mechanism, but it may well depend mainly 
on the position of the endings, the actual deformation required to excite 
being the same for all of them. A change in the position of the animal 
will often produce a chanf^e in the response of a single ending to a given 
inflation. Otherwise the response remains constant over periods of an 
hour or more. 

The effect of GO 2 ,, and of oirculMory failure, Bronk and Stella [1932] 
in their study of the stretch receptors in the carotid sinus have shown 

, , ' \ 
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tliat tliese endings are very little affected by clianges in tbe acidity or 
gaseous content of the blood. Their function is to signal the expansion 
of the artery and nothing else. In the same way the stretch receptors 
in the lungs are extremely insensitive to environmental changes other 
than mechanical deformation. This was clearly shown in Head’s work 
[1889] where it was found that inflation of the lungs with or Hg 
produced the usual inhibition of inspiration. Keller and Looser have 
found that in the rabbit the substitution of Ng for air or the addition of 
5-10 p.c. CO 2 causes no change in the vagal impulses, and Partridge 
agrees with them. In the cat (spinal curari^ied preparation) inflation 
with air containing 10-12|- p.c. CO 2 for several minutes seems to produce 
a very slight diminution in the discharge. This is shown by a fall of 
about 6 p.c. in the total number of impulses at each inflation. The change 
is scarcely large enough to be outside the range of error: it is certainly 
too small to be the basis of any considerable • change in the depth of 
breathing. But as Keller and Looser have pointed out, in the intact 
animal CO 2 may affect the vagal discharge indirectly by causing altera¬ 
tions in the calibre of the bronchioles. 

Failure of the oxygen supply is another factor which has remarkably 
little effect on the vagal endings. The air may be shut off or nitrogen 
substituted for it until the heart has ceased to beat, without causing 
any decided change in the response to a measured inflation. In mam¬ 
malian muscle Matthews [1931] has found that, if the effect of the 
anaBsthetio has worn off, arrest of the circulation leads invariably to a 
spontaneous discharge of high frequency from all the sensory endings. 
With the vagal endings the only suggestion of this is a persistent dis¬ 
charge of low frequency (20 per sec.) which develops in some of the fibres 
when the lungs have been inflated rhythmically with nitrogen. The 
difference is easily explained, for Matthews found that the discharge 
from the muscle receptors was caused or greatly favoured by something 
produced in the muscle fibres and produced much more rapidly if they 
are made to contract. Since few of the vagal endings are likely to be 
exposed to metabolites from muscle there is no reason to expect great 
spontaneous activity in many of them. 

The vagal endings cannot, of course, survive indefinitely after the 
failure of the oxygen supply and they become inactive within half an hour 
to an hour after the heart has stopped. The first sign of deterioration is a 
more rapid decline in the frequency of the discharge under a constant 
stimulus. A series of curves illustrating this are given in Fig. 9. They 
show the same change as Bronk’s curves [1929] for the effect of nitrogen 
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on the response of a frog’s muscle spindle, but it is surprising to find 
so little evidence of impairment 20 min. after the failure of the heart 
and the replacement of the air in the lungs by nitrogen. 

Chloroform. In animals with the circulation intact very high per- 
ceiitages of chloroform vapour are needed to affect the vagal discharge; 
when it is affected it is usually abolished rapidly, and there is an im¬ 
mediate recovery as soon as the chloroform is withdrawn. 



circulation. Spinal cat. Lungs filled witla nitrogen after death. 


A. (1) Effect of inflation with 75 c.c. air with circulation intact. 

(2) „ „ nitrogen 20 min. after heart failure, 

(3) „ „ nitrogen 50 min. „ 

B, 50 min, after heart failure. Varying inflations with nitrogen. 

Chloroform mixtures were breathed from a Woolf’s bottle or blown 
into the lungs by a pump. The concentration was estimated roughly by 
weighing samples of the mixture collected in a 250 c.c. flask [Waller, 
1904]. With decerebrate animals breathing a mixture of moderate strength 
the vagal discharge at each inspiration becomes less and less as the 
anaesthesia deepens, but this is due simply to the shallower breathing, 
fox the response to a test inflation remains quite unaffected after the 
stage of complete flaccidity is reached and even after the stage at which 
respiration fails. With spinal animals under artificial respiration a mix¬ 
ture containing less than 2-5 p.c. of chloroform has no appreciable effect 
on the vagal discharge, though it abolishes all reflex activity. A mixture 
of 4 p.c. or more produces an immediate decline in the vagal discharge, 
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and within a minute or two it fails completely. It must be remembered, 
however, tliat during this time the lungs are still being inflated with 
undiminished force by the pump: the conditions are therefore quite 
unlike those izi a patient breathing naturally. If the chloroform is turned 
off within a minute or so after complete failure there is an immediate 
recovery of the vagal discharge and within another minute it is back at 
its initial value. The rapid failure and recovery are illustrated in the 
records given in Tig. 10 which show a return almost to normal within 



Fig. 10. Bapid failure with strong chloroform vapour (5 p.o.) and rapid recovery with air. 
Spinal oat. Lungs inflated by pump. A, with air; B, 70 sec. after chloroform has 
been turned on; C, recovery after 10 sec. inflation with air. 

10 sec. Attempts to maintaia a partial angestliesia of the vagal endings 
were unsuccessful. The lower concentrations of chloroform were too weak 
to affect them (though amply strong enough to affect the central nervous 
system) and the higher caused a rapid failure. This may be due to the 
rate at which the chloroform is absorbed by the blood stream, but it is 
dilficult to produce a graded anaesthesia of a nerve trunk with chloroform 
vapour, and the action on the vagal endings may be equally abrupt. 

The practical outcome of these experiments is to show that the 
strength of chloroform normally administered to a patient {i.e. below 
about 2*5 p.o.) is without effect on the endings in the lung which respond 
to mechanical stimulation. Very high percentages may affect them, but 
a few inflations with air should be enough to give complete recovery. 


Endings stimulated by deflation of the lungs. 

In the brief account given by the writer in 1926, it was stated that in 
normal breathing there is no sign of a renewed discharge of impulses at ' 
the moment when the lungs are most deflated, and that forcible deflation 
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of the lungs in a spinal cat does not give rise to a discharge. The forcible 
deflation referred to was that produced by compressing tlie tliorax by 
hand, and this, in the cat, is not enough to stimulate tlie endings wliicdi 
respond to deflation. But Keller and Looser showed that suction of 
air from the lungs undoubtedly gives rise to a discharge of nerve impulses. 
Their experiments were made on rabbits, and in the present work it has 
been found that the result is equally tnie of the cat: forcible deflation of 
this kind does produce a discharge. 

In the cat when the thorax is opened the discharge can only be pro¬ 
duced by deflating the lungs completely. It then varies rhythmically as 
each pulsation of the heart moves the collapsed lung. When the thorax 
is intact the discharge is usually continuous as long as the suction is 
maintained (Fig. 11), though in some preparations there has been only 
a short outburst at the beginning. From this it appears that some of 
the nerve endings are of the more rapidly adapting type, but the majority 



Fig. 11. AHerent discharge produced in several fibres by suction of air 
from the lungs. Spinal cat. 


are like those responding at inspiration. It is possible and indeed likely 
that some of the endings which react to suction are those which react 
normally to inflation, for both inflation and extreme deflation might 
stretch the tissues in which they lie. But there is no doubt that deflation 
calls a new set of endings into play as well. When only a few fibres arc 
in action the impulses due to inflation and suction can often be dis¬ 
tinguished by their size and form; also suction of air from the lungs has 
a specific effect on the respiratory centre. If the vagi are intact it causes 
an immediate contraction of the muscles which produce inspiration, 
whereas an inflation of the lungs has the reverse effect, since it inhibits 
inspiration. Thus the endings concerned in the response to extreme de¬ 
flation must form part of a distinct nervous mechanism, though it is a 
mechanism which must he very rarely called into play. 

The rabbit agrees with the cat in showing no expiratory discharge 
in normal breathing or in dyspnoea [Keller and Looser, Partridge], 
‘but it differs from the cat in that it is usually possible to produce one by 
increasing the external air pressure on the thorax and abdomen so as to 
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assist the collapse of the lungs. The animal is placed in a closed chamber 
with the tracheal tube communicating with the air outside, the arrange¬ 
ment being a copy of that used by Hammouda and Wilson in their 
study of the vagal reflexes. Raising the air pressure in the chamber 
assists the collapse of the thorax at expiration and hinders the expansion 
at inspiration. The records in Fig. 12 were made from the vagus of a 
rabbit under these conditions, and it will be seen that with increased 
external pressure the usual discharge at inspiration is greatly reduced 
and in its place a definite expiratory discharge appears. In the cat this 
method has always failed to give an expiratory discharge, owing pre¬ 
sumably to the greater strength of the body walls. 

Whether the endings which are stimulated by collapse play much 
part in normal breathing is exceedingly doubtful. In the decerebrate or 



Fig. 12. Afferent discharge at expiration produced by increased external pressure in the 
rabbit. Rabbit (under urethane) in air-tight chamber with trachea tube leading 
outside. A. Normal extra-thoracic pressure. Usual inspiratory discharge. B. In¬ 
creased extra-thoracic pressure. Expiratory discharge and quickened breathing. 


anastheti^ied animal they play none at all except in conditions whicli 
are definitely abnormal The failure to record a discharge at expiration 
has not been due to lack of activity in the expiratory muscles, for these 
have often contracted vigorously. It is possible that the forcible de¬ 
flation occurring in extreme dyspnoea might stimulate the expiratory 
endings, but so far this has not been observed. On the other hand it is 
highly probable that these endings may come into play in various patho¬ 
logical conditions, e.g, when portions of the lungs are solidified or tied 
to the chest wall by adhesions. 

It should be noted here that suction of air from the lungs (or breathing 
into a reservoir containing air at reduced pressure) will not necessarily 
have the same efiects as increased pressure applied outside the thorax. 
Suction may well stretch some of the endings which are normally 
stretched at inspiration, but increased external pressure is unlikely to 
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do so. Tliis difierence may explain some of the divergent results whicli 
have heen reported with the two procedures [cf. Hammond a and 
Wilson, 1932; Creed and Hertz, 1933]. 

The stretch receptors and the respiratory ce/npre. 

So much has been written about the action of the vagus in respira¬ 
tion that a brief discussion cannot hope to do justice to earlier work. It 
can only be excused by the fact that a more detailed knowledge of the 
afferent discharge gives a better foundation for analysing the vagal effect. 
We know that inflation of the lungs will produce a sustained discharge 
from the stretch receptors and that the deflation normally occurring 
will merely put an end to this discharge, though suction of air from the 
lungs will excite another set of endings. In normal conditions, therefore, 
the effect of the vagus must depend mainly, if not entirely, on the 
impulses from the stretch receptors. Persistent discharges unaffected by 
lung movements have been found in a few preparations and there is 
always the possibility of action currents too small to detect. But the 
dominant activity in the vagus is that due to the stretch receptors, and 
it is worth considering whether their discharges are enough to account 
for the whole of the vagal effect. In particular, can they account for the 
fact that more rapid breathing occurs when the vagi are intact than 
when they are cut? The messages from the stretch receptors have an 
inhibitory rather than an excitatory effect. Why should more rapid 
breathing be possible in their presence than in their absence? 

The question was discussed by Hammouda and Wilson [1932]. 
Their evidence, based on the reactions to altered extra-thoracic pressure, 
led them to a picture of the sensory mechanism of the vagus which agrees 
in the main with that given here. But to explain the slowing of breathing 
on division of the vagi they suggest that the vagus has a double influence 
on the respiratory centre, an inhibitory influence varying in intensity 
with the lung volume, and besides this an influence which maintains 
the tone of the centre and augments the frequency of the discharge. 
The latter is considered to remain in general at a constant level of in¬ 
tensity unaffected by changes in the tension of the lung tissues. 

Such an influence might be exerted by impulses in nerve fibres too 
small to give measurable action currents. It is quite possible, however, 
that the one sensory mechanism is enough: that the quickening of the 
rhythm is due to impulses from the stretch receptors and results from 
their inhibiting each period of inspiratory activity in the brain stem* 
An explanation on these lines was in fact given in the classical paper 
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piiblislied by Henry Head from Bering’s laboratory in 1889, thongli it 
appeared tlien that the expiratory endings might play some part in the 
effect. 

Later evidence has confirmed the main points in Head’s theory. In 
the first place there is now no reason to doubt the power of automatic 
action by the respiratory centre. We are dealing with a group of neuxones 
in the brain stem which tend to discharge periodically without the need 
for any periodic inflow of afferent impulses. Winterstein [1911] has 
shown that a recurrent discharge of motor impulses takes place in the 
phrenic nerve although the vagi have been cut and all movement has 
been paralysed by curare (and this has been confirmed in the experiments 
of Adrian, Bronk and Phillips [1932] as well as in the present work). 
During complete motor paralysis and a temporary pause in the artificial 
ventilation afferent impulses will still reach the central nervous sytem 
from pressure receptors, etc., but there will he no waxing and waning 
of the incoming stream to determine the period of the phrenic discharge. 
This is slower than that of normal breathing but no slower than that of 
breathing after division of the vagi. Thus the respiratory centre (or some 
part of the brain stem apparatus concerned in respiration) must be 
capable of beating with its own inherent rhythm. Its cells cannot be 
regarded as passive agents controlled entirely by afferent messages, for 
internal changes must be constantly taking place tending to produce 
a recurrent development of the active state. 

Without the vagi the centre usually beats at a slow rate and only 
small variations of rhythm are possible. The messages from the stretch 
receptors change this spontaneous beat to the more rapid and flexible 
rhythm of normal breathing. They are inhibitory, but they can influence 
the rhythm in either direction because inhibition of the phase of activity 
will shorten this part of the cycle and tend to hasten its return, but 
inhibition during the phase of rebuilding will delay it. The dual influence 
discussed by Hammouda and Wilson depends, on this view, not on 
a dual afferent mechanism, but on the dual effect of inhibition on the 
respiratory centre. In Head’s words the vagus inhibits inspiratory 
activity but at the same time raises the vitality of the centre by causing 
this activity to accumulate. 

The maximum inhibitory effect occurs during the phase of activity 
and therefore the rhythm is usually quicker with intact than with cut 
vagi. The motor discharge will be curtailed, there will have been a 
smaller expenditure of active material and it is reasonable to suppose 
that less time will be taken in preparing for a fresh outburst. Thus a 
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series of brief inliibitions at eacb expansion of the lungs should give a 
cycle consisting of brief motor discharges repeated at short intervals; 
whereas the absence of all inhibition should give longer discharges spa.ced 
at greater intervals. This is the characteristic effect of division of the 
vagi, for the slowing is usually due to a prolongation of both the active 
and inactive phases of the cycle. 

Fig. 13 illustrates the slowing of the rhythm due to the abolition of 
the vagal control and the quickening due to recurrent inhibition. The 



Fig. 13. Discharge of motor impulses in the top root of the phrenic nerve out distally. 
Decerebrate cat. All records at same speed. A. Both vagi blocked with novocainc. 
Slow rhythm (27 per min.) unaffected by sudden inflation of the lungs. Downwax*d 
movement of signal marks inflation. B, Vagi intact. Normal breathing 58 per min. 
C. Vagi intact. 3?eriodic inflation of lungs timed so as to inhibit each motor diBcharge, 
Downstroke of signal shows inflation. The rate increases to 90 per min. .1). After 
11 see. the periodic inflation is stopped. The rate falls at once to 48 per min. Time 
marker (top record) gives J sec. intervals. 

records show the discharge of motor impulses iu the top root of the 
phrenic in a decerebrate cat. When the vagi have been temporarily 
blocked with novocaine the motor discharges recur at 26 per min., each 
lasts for sec. and the cycle is quite unaffected by inflation of the lungs. 
With intact vagi the inhibition normally occurring at each breath cuts 
short the motor discharge after it has lasted only | sec. The rate of 
breathing is now 58 per min. By blowing air into the lungs at each 
inspiration the inhibitions are increased in intensity, the motor dis¬ 
charges are shortened still further and the rate rises to 90 per min., 
falling at once to 48 as soon as the inflations are discontinued. It will 
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be seen tlint bofcli parts of tlie (‘.ycsle are affected: the change in ra,te is 
(l.iie mainly to tlic^ sliorteiiing of the phaBC of activity, l)nt thiire is some 
redu,(5tion in tln.^ interval between the end of (me discliarge and tlie be¬ 
ginning of the m.vxt. 1^08 is sliown tnorii cleaaiy in tlie records in B'’ig. 14 
wliich sire made at liiglun: speed. 

This is little more than an ('.xample of the well-known fact that in 
an a.nimal under artificial respiration the rhytlim of tin?- acjtive move¬ 
ments of the diaphragm may come into phase with that of tlie pump. 
It sliows that an increase in the inhibitory message at each inspiration 
can produce a (juicker rhythm: it is therefore unnecessary to suppose that 
the vagus cxercistss its tonic effect on the centre through, a distinct set 
of nerv(i fibres. 



Fig, 14, Same (>:xporimetit m B’ig. IJl. Ueoords at higher speed (time marker gives i soc.). 
Signal line drawn in. A. Normal discharge of motor impulses in phrenic root* 
B. Ellect of periodic iiUlations. Both active and inactive phases are shortonecL 


The opposite effect will be produced if the inhibitory message acts 
throughout the period when the centre is recharging, for this will tend 
to delay the appearance of a fresh discharge. Thus the rhythm, in so far 
as it is determined by the stretch receptors, will be most rapid when 
the inhibitory effect rises sharply at each inspiration and falls to zem at 
expiration (Fig, 16 A) and slowest when the rise is less pronounced and 
there is some persistent inhibition throughout the cyo.le (Fig. 16 B). The 
freejuency of the afferent discharge varies with the lung volume (p. 338). 
Therefore, if we can assume that the inhibitory efiect does not much 
outlast the afferent discharge, the curves in Fig. 16 might relate to lung 
volumes instead of to inhibitions and the quickest rhythms should occur 
when the lung volume changes as in Fig. 15 A, The inhibition does no 
doubt outlast the afferent discharge, but records such as those in Fig. 13 
show that it can rise and subside rapidly enough to affect only a limited 
part of the cycle. The conclusion given above is best illustrated by two 
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examples^ the change in rhythm produced by altering the extemaJ 
pressure on the thorax and that occurring in COg dyspiuna. 

Increased pressure on the thorax. The effects of this liave been studied 
in detail by Hammouda and Wilson, using the air-chamber method. 
They worked on dogs and found that an increase or reduction of pressure 
in the chamber caused an immediate quickening or slowing of the 
breathing. The changes only occur with intact vagi and they occur before 
the change in ventilation can have any effect. 

A number of experiments have been made on cats by the same 
method, the afferent discharges in the vagi being sampled by recording 
the impulses in a few fibres slit from the side of the nerve. The earlier 



Time 

Pig, 15. B. Bise and fall of inhibition likely to give slow breathing. 

A. Rise and fall of inhibition likely to give rapid breathing. 

experiments failed to show the reaction to increased pressure and it 
was thought that its occurrence in other animals might depend on the 
stimulation of expiratory endings. But in later work, with chloralose as 
anaesthetic, the reaction was found in the cat, although there was never 
any sign of an afferent discharge produced by the deflation of the lungs. 
Fig. 16 gives typical curves showing the frequency of the vagal impulses 
(in several fibres) just before and just after the pressure in the chamber 
is raised. As might be expected, the whole frequency range is lowered 
when the thorax is reduced in volume, and in particular the discharge 
is much briefer and sinks to zero between each inspiration instead of 
remaining at a moderate level. 

The quickening of the breathing is shown in the curves. It is evi¬ 
dently due to the reduced inhibition, but on the scheme outlined above 
it must be due not so much to the reduction in the peak of the inhibitory 
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Fig. 16. AFi^ront vagai diachargos in cat anicHthetized with chloraloeo. One vagus intact, 
:Krc(iUcncy curvtss (preparation of several hbres) showing the eifect of increased extra- 
thoracic pressure on the discdiargo ami on the rate of breathing. Curve A , normal 
extra-thoracic pressure, itatc 15 per min. Curve /i, 5 mm. Hg positive pressure 
outside thorax. Itato 27 p(ir min. 



Fig. 17. Afferent vagal discharge in decerebrate cat showing the effect of dyspnoea due 
to rebreathing. One vagus' intact, A. Normal, rate 15 per min, B. Dyspnoea, rate 
22 per min. The impulses have been counted in two inspirations only, 
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effect as to its reduction in the later part of the cycle. By recording 
the action currents in the intercostals it can be shown tliat tlic^^ motor 
discharges are more powerful and of slightly longer duration when 
the pressure is increased. This would naturally follow from the smalkn* 
inhibitory discharge at each inspiration. The greater motor discliarge 
should tend if anything to lengthen the period required for rebuilding, 
but as there is less residue of inhibition during this phase the threshold 
for the discharge will be lower and will be reached earlier. If this is the 
factor which determines the increase in rate we ought to find that in¬ 
creased pressure on the thorax will have the greatest effect when there 
is a considerable background of persistent inhibition. This is certainly 
the case, for the preparations which have shown the quickened rhythm 
have been those in which the vagal discharge has normally remained at 
a fairly high level during expiration. Some tonic contraction of the 
diaphragm and intercostals (as often occurs with chloralose) favours the 
reaction, since it keeps the lungs slightly expanded; where such tone is 
absent there is often no increase in rate with increased intrathoracic 
pressure though there is a considerable slowing when the pressure is 
reduced. A reaction of this kind is usually found when dial or urethane 
are used as anaesthetic. 

Change of rate in dyspnoea. The quickening of breathing in CO^ 
dyspnoea can be explained on the same lines. In the decerebrate cat 
with vagi cut the rate rarely changes by as much as 25 p.c. when the 
animal breathes into a closed space. With the vagi intact the rate may 
be more than doubled. Curves showing the frequency of the yagal 
impulses are given in Fig. 17, though, as before, the changes in lung 
volume might be substituted for them. Under the increased COg there 
is (a) a steeper rise to a higher maximum frequency at inspiration, due 
to the more forcible movement, and (6) a more sudden fall to a lower 
minimum at expiration, due to the greater emptying of the lungs. If it 
had much after effect the greater vagal discharge at inspiration might 
tend to slow the rhythm by interfering with the recovery phase, but the 
cutting short of activity and the absence of any vagal discharge during 
recovery will both tend to quicken the rhythm. By exposing the thorax 
to reduced external pressure (Hammouda and Wilson’s method) the 
greater coUapse of the lungs can be prevented and the vagal discharge 
at expiration restored to its former value. This causes an immediate 
slowing of the rate, though as asphyxia supervenes the effect is less and 
less marked, owing, presumably, to the rapid building up of active 
ipaterial id the oedtr^* 
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The dreteh refT.ptors and the expiratory mmdes. 

The (emptying of tlu', lunp;s may he an active as well as a passive 
process ami tlie jrfl’erent discliargc^ in the vagus may influence expiration 
as well as inspiration. It is a simple matter to record the action currents 
of the expiratory muscles with, hypodermic needle electrodes, for these 
allow Tia to lead from the individual motor units in each muscle without 
dissection of the chest wall and without danger of interference from 
neighbouring muscles. By this method it can be seen that in cats and 



Fig. 18, Rooords frojti the external intorcofltal muscles (inspiratory) and the triangularis 
sterni (expiratory) made with hypodermic needle electrodes in a cat amesthotized 
with chloraloao. Signal moves upwards when lungs expand, A. External intercostal, 
B, Triangularis sterni, C. Both needles in parallel to show time relations of inspi¬ 
ratory and expiratory contraction. ITio regular excursions are due to the electro- 
cardiogranu 


rabbits under chloralose (and lying on the back or side) the triangularis 
sterni and the internal intercostals are regularly in action during the 
expiratory phase of the cycle. In decerebrate preparations and in animals 
under dial and urethane they are occasionally in action, in deep chloro¬ 
form anaesthesia never. When they are not in action during quiet 
breathing they are not usually brought into action by moderate degree 
of dyspnoea. 

Records from a cat under chloralose are given in Fig. 18. Two hypo¬ 
dermic electrodes were used, one in the external intercostal muscle ajjd 
one with its point a few mm. deeper so that it led from the triangularis 
sterni. In record C both needles were connected in parallel with the 
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amplifier so as to show the time relations of the two discliargcs more 
clearly. The respiratory signal records the pressure (*,ha.,rig(> in a, 20-li,tre 
bottle connected to the trachea tube. In these riHiords tlu'. (‘xpiratory 
discharge fills up most of the gap between inspirations. JJ: chloroform is 
given in addition to the chloralose the discharge becomes progressively 
shorter and is limited to the period when the deflation is at a maximum* 
Eventually it disappears, and in very deep anaesthesia the contraction of 
the external intercostals also ceases leaving only the diaphragm in action* 
The periodic contraction of the expiratory muscles, when it occurs 
with the vagi intact, continues like that of the inspiratory muscles after 
the vagi are divided. The expiratory activity preserves its phase relation¬ 
ship to the inspiratory and both are unaffected hy the state of expansion 



Fig. 19. Same preparation as Fig. 18 after section of both vagi. A. Extcniial intercostal. 
B. Triangularis sterni. Inflation or deflation of the lungs has now no eilcct on either 
discharge. 


of the chest (Fig. 19). It is probable, therefore, that the expiratory dis¬ 
charge is as much a product of the automatic beating of the respiratory 
centre as the inspiratory. The nerve cells responsible for it are so linked 
to the nerve cells responsible for inspiration that the two groups cannot 
come into action simultaneously and normally the expiratory activity 
occurs as an after effect of the inspiratory. But it can also be made to 
occur independently by an afferent discharge from the stretch receptors. 
There is some variation in this respect between one preparation and 
another. In some an inflation of the lungs causes an immediate expi¬ 
ratory contraction even though it is timed so that the normal inspiratory 
contraction is completely suppressed. In others the expiratory contrac¬ 
tion develops more slowly and an inflation of the lungs is a less potent 
stimulus than a period of inspiratory activity. 

In Ms account of respiration in animals after various operations on 
the brain stem Lumsden [1923] states that electrical stimulation of the 
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iiiliibitH (expiratory coiitrace-tioxiB. Tlii« ma,y well be diie to tlie e/ftect 
of thee aervte li.l>r(ss (eorniag from th(3 eMdiujL^H wliiceh a,re exeitect by siictioiiL 
of a,if from tlie. (anise an imm(i(lia.t(e refbvx iiispiratioti ajid 

a,u ijiliibii/ion. of tlue (‘xpinitory cmitra-ctioti, and on (ebec'-trie-al stirnulation 
of tlie va-giis tJieir (dlect imiy outweigh that of the fibres from the stretcb 
receptors. Tlie latter certainly favour expiratory as they inhibit inspi¬ 
ratory activity. 

As far as the vagal control of breathing is concerned, the action of 
the expiratory muscles can be regarded merely as an additional factor 
tending to reverse the effect of inflation. In so far as it secures a smaller 
lung volume at expiration the contraction of those muscles will help to 
establish the type of vagal discharge which promotes rapid breathing. 
But in animals under chloralose there is often some tonic contraction of 
the diapliragm to oppose deflation. Thus the breathing may be no faster 
than it is in animals with no expiratory activity but more complete 
muscular relaxation. 


Discussion. 

As usual it is easier to reach deflnite conclusions about the sensory 
mechanism tlian about its action on the central nervous system. The 
main group of sense organs in the lung behaves no differently from the 
muscle spindles or stretch receptors in other parts of the body. They 
give the usual serial discharge of impulses when they are stretched, they 
become very slowly adapted to the stimulus, they are relatively unaffected 
by ancesthetics, lack of oxygen, etc. Their function is to signal the volume 
of the lungs at each moment and they continue to do this for half an hour 
or more after the heart has stopped beating. Since the volume of the 
lung changes relatively slowly, the endings must be of the slowly adapting 
or postural type. The only evidence of rapidly adapting endings supplied 
by the vagus is the occurrence of an initial brief discharge in some pre¬ 
parations when tlie lungs are collapsed by suction, but these have not 
yet been analysed in records made from a few nerve fibres. 

The stretch receptors in the lung resemble those in muscle in their 
effect on the central nervous system. Both influence it to cut short the 
movement which has stimulated them, and by so doing prevent the 
inconvenience or damage which might come from unrestrained motor 
activity. But the lungs must be adequately ventilated, and if the range 
of movement is restricted the movements must succeed one another at 
shorter intervals. Without the vagal mechanism the respiratory centre 
(in the conditions of these experiments) slowly charges and discharges 
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itself with little variation of riiythm. The impulses from the streteJi 
receptors quicken the rhythm by cutting sliort the cliscliargc^. and so 
hastening the recharging process. They are inhibitory, but tliey scieui to 
act mainly by raising the discharge thresliold, not by pn^venting tlie 
accumulation of active material. 

This view need not be further elaborated since it was stated with 
more detailed evidence in Head’s paper. It postulates a type of inhi¬ 
bition which seems to agree in general with the results of E coles and 
Sherrington on the limb reflexes. It is natural to compare the inhi¬ 
bition of the respiratory beat with that of the heart beat, and at first 
sight the results seem to differ radically, for the respiratory beat is 
quickened and the heart beat slowed. But the former is quickened by 
inhibition confined more or less to each period of activity; it is slowed 
if the inhibitory discharge fills up the whole cycle. When the heart is 
slowed by electrical stimulation of the vagus it is exposed to a steady 
inhibition comparable to that produced on the respiratory centre by 
holding the lungs inflated. The slow subsidence of the effect from single 
stimuli [Brown, Eccles and Hoff, 1932] makes it unlikely that the 
inhibition of the heart could be made to fluctuate rapidly enough in 
relation to the cycle to establish a fair parallel between the two cases. 

Throughout the preceding discussion the term respiratory centre has 
been used as a name for that part of the central nervous system in which 
the rhythmic activity takes origin. Where this occurs is a matter for 
studies such as those of Lumsden [1923] and does not concern us here. 
Slow potential changes in phase with respiration can be detected in the 
brain stem of the rabbit and seem to resemble those found in the isolated 
brain stem of the goldfish by Adrian and Buytendijk [1930]. In the 
mammal, however, the brain stem cannot be isolated and it is a much 
more difficult matter to analyse the waves and to make sure that they 
are not artefacts due to movement of fluid, etc. 

Summary. 

The action of the vagus in respiration has been studied in the cat by 
recordmg the impulses in single afferent fibres. 

1. Some of the discharges come from end organs which are not 
affected by lung movement, e.g. from end organs in relation to the heart 
and to the trachea. 

2. Of the end organs which respond to lung movement and give 
measurable action currents, the only kind in action normally is that 
stimulated by expansion of the lung. 
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3. These cirel organs behave like the muscle^, spindles and stre.tcli re¬ 
ceiptors in other pa<ri-s {)f tlu*. body. They become very slowly a,daptcd to 
the stifniilus. In normal br<‘atJung the imrxiomm fre,(:|tiency of the dis- 
chargi^ in single libres vailt^s from, 50 to 100 per sec., though rates as 
high, as 300 p<n‘ are produced l)y extreme inflation. With moderate 
inflations tin*, frecpiency varies directly witli the lung volume. 

4. Carbon dioxide in amounts higher than 10 p.c. produces a very 
slight diminution in the discharge to a test infl.ation, but the effect is 
not outside the range of error. Ventilation with nitrogen and failure of 
the circulation have no immediate effect. After 10-20 min. the discharge 
to a constant stimulus declines more rapidly, but there may still be 
some response an hour after the heart has stopped beating. 

t5. Chloroform vapour in amounts of 2‘5 p.c. or less has no obvious 
effect on tlie response of the end organs* Higher proportions produce a 
rapid failure, but there is a rapid recovery as soon as the lungs are inflated 
with air. 

6. Suction of air from the lungs stimulates a fresh set of end organs. 
These may come into action in pathological conditions, but they are 
not stimulated by the normal movement of the lung and there is no 
evidence of their activity in moderate dyspnena. In the rabbit they are 
stimulated at expiration when the extra-thoracic pressure is increased. 

7. The effect of the vagus on respiration must be due mainly to the 
impulses from the stretch receptors in the lung. These have an inhibitory 
effect on the respiratory centre, but the inhibition occurs mainly during 
the phase of activity. Periodic inhibitions may therefore quicken the 
rate of breathing, as Head suggested, by cutting short the motor dis¬ 
charge and so hastening recovery, 

8. The expiratory muscles (triangularis sterni and internal inter- 
oostals) contract regularly in cats and rabbits ansesthetked with chlora- 
lose. They arc Bometimes in action in decerebrate cats but never in oats 
under deep chloroform amesthosia. In chloralosed animals the expiratory 
muscles remain in action after section of both vagi* 

9. The afferent control of the respiratory movements is discussed. 

The ©xpenaes of this work were defrayed by a grant from the Fonlerton Committee of, 
the Royal Society. 
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INTRODUCTION. 

The subject of the present paper is the experimental determination of 
the renal extraction ratios for injected creatinine and urea, i.e. the pro¬ 
portion of these substances taken up by the kidneys from the blood 
passing through them. Urea or creatinine was given intravenotisly to 
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rabbits, a, lid. lit various tdiiios afterwuirds the percentage of the siil)stai:i(3e 
ill tlui renal, vruji Ihood wa,s cor.upare(l vvitli the p(a*ceritage in, tlie arterial 
blood. 

llie eliininat-ioii of (*r(‘atinir)e, ha..s not Ixirui stndied in tills \va,y by 
pr<‘.viou.s workers: that of unui Jias l>e<ui studied, by Picard | lcS5()], 
Addis auid Blu^vky [lOlTJ, .lilioads, van, Blykc, Hiller and Alving 
I IdidiJ, and JJunn, .Kay and Sh(‘.elian [HKklJ. Of these, tlio work of 
Pi(;ard is of <.)nly historic^ interest. That of Addis and S.hevky will be 
considered in detail later, lihoads, van Slyke, Hiller and Alving 
utili:5^cd an excellent tecliniquc, but only tlieir main conclusions are as 
yet available. They state that tlie proportion of urea removed from the 
blood during its j)a,ssa.ge through the kidney remains constant whatever 
the lieight of the liiood urea, apart from a few occasions when there is 
a complete cessation of removal of urea from the renal blood, and the 
renal vein blood urea rises as high as, and sometimes higher than, the 
arterial blood urea. It should be noted that these workers used dogs 
from which one kidney had usually been removed; their findings are in 
certain respects different from tlie results obtained with rabbits with two 
functioning kidneys reported in this paper. The work of Dunn, Kay 
and Sheehan dealt with tiie elimination of urea in rabbits with no 
previous administration of urea. 

The excretion of urea in the urine has been studied by many workers: 
that of creatini.no has been the subject of much recent enquiry [Major, 
1923; Heesch and Tseherning, 1926; Eehberg, 1926; Cope, 1931; 
Slianiion, Jolliffc and Smith, 1932, etc.]. 


Ta.uue L Urinary excretion of urea and croatinine. Moan figures for 
five rabbits observed 10 days each. 



Wt. 

Volume 

Daily urine 

Urea 

Or(uiti.niiie 

liatio 

Urea 

B.ai>b,it 

tg* 

e.c. 


mg. 

Creatinine 

,A 1 


71 

1,870 

100 

18 

A2 

2-27 

87 

1410 

75 

19 

AZ 

2-00 

120 

1810 

84 

22 

A4- 

2-72 

118 

2220 

139 

17 

A 5 


84 

1230 

09 

18 

Mean 

2*20"^ 


1730 

90 

18 


The normal excretion of creatinine by the rabbit has not been pre¬ 
viously investigated very thoroughly, and it was therefore considered 
useful to observe five normal animals for a period of 16 days each; the 
figures are summarized in Table I. 
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Tlie daily aiiiouiits of urine and of the urea and creatinine were ratiier 
variable, but the ratio of urea to creatinine in the urine wa-B iiiueli ,nior<*. 
constant both from, animal to animal and fi-om day to chiy, a,nd averaged 
18. The average daily excretion of creatinine wa,s 43> nig. |;)ei‘ kg. of body 
weight. It is not possible to make any accurat(‘ (*.aleulations ironi tiusse. 
data as to the relative plasma clearances of creatinine and urt?a, a^t iiomial 
levels in the rabbit, as the usual “blood creatinined^ in this animal is 
only about T3 mg. per 100 c.c,, and possibly nearly half of tliis amount 
may be “chromogenic substance'’ [see Cope, 1931]. 

Attempts were made to compare the creatinine contents of arterial 
blood and renal vein blood in the normal rabbit, but these were unsuc¬ 
cessful as the creatinine contents are so low that accurate colorimetry 
is impossible. Thus figures cannot be given for comparison with the 
figures published previously for the renal elimination of urea at normal 
levels. 

The present work deals with the renal elimination of urea and crea¬ 
tinine when these substances have been raised to abnormally high levels 
in the blood. The investigation thus gives information only about the 
activities of the kidney under the specific conditions of overload, and 
deductions from the results as to normal activities of the kidney may bo 
made only with great caution. Nevertheless, these abnormal amounts of 
normal substances are presumably thrown on the normal renal mechanism, 
and the experiments may thus be considered to relate to the activity 
of this normal mechanism under strain. Alternatively, the abnormal 
amounts of the substances are dealt with by some accessory r(mal 
mechanism, which cannot be regarded as utterly abnormal, and whose 
scope of activity is a problem of importance in renal physiology. 


THEOEETICAL BASI8 AND METHODS, 


To find the renal extraction ratios two types of operative procedure 
were employed: the long sample and short sample expermmntB, These 
experiments consisted of injecting the substances into an ear vein, col¬ 
lecting blood from the left renal vein, and making comparisons as follows: 

(1) Long sample experiment: 

Between the total amounts of the substances 
(a) carried by the blood to the kidney, and 
{h) retained by the kidney, 
during the whole period of the experiment. 
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(2) Short cj'perimrHt.: 

tin) pi‘n*oril'.a.goH of tlio siib8tanc(3S in (‘.orrc^'^poiidiiig 
sani|)h'‘H of 

((/,) r(nia,! artery i)]oo(,l, and 
(h) vein blood, 

at a speeifi(J time after the injection. 

Tlie genera,! principles of these experimontB have been, described 
previously [Sheehan, 1931], Certain modifications were necessary to 
suit the conditions of the present study; these are considered below. It 
will be seen from the basic principles of the experiments that the long 
sample experiment requires the injection into the blood stream of the 
substance to bti examined, even if this substance is normally present in 
the blood. The short sample experiment, on the other hand, can be used 
to find the renal extraction ratio of any blood constituent either at its 
normal level or after raising the level artificially by an intravenous 
injection. For the sake of clearness, creatinine alone is referred to in the 
following account, but it is to be understood that the theoretical dis¬ 
cussion applies also to urea or any other substance which might be used. 

GENniiAL DETAILS. 

The animals used were rabbits weighing usually between 2 and 2*5 kg, 
They were anaesthetized by an intravenous injection of 10 c.c. per kg. 
of 20 p.c. solutioii of urethane in physiological saline given at a rate of 
2 c.c. per min.; the operation was never begun earlier than 6 min. after 
the end of the injection of the urethane. Occasionally if an animal was 
left for over half an hour after giving the urethane, a small second 
inj<3ction of ancesthetic was required. 

Careful study was made of the possible effect of variation in the time 
between giving the urethane and beginning the operation, and this point 
was further investigated experimentally after the effect of the other 
variable factors had been established. These controls showed that the 
variations in the method of giving the anesthetic did not affect the 
experimental results at all 

Four experiments have been discarded as the animals showed gross 
chronic nephritis; in two of them the renal function was decidedly sub¬ 
normal 

The renal extraction ratio was always calculated to the nearest whole 
number; this is about the limit of significance of any results. 
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Long sample expekiment. 

Basic principles. 

If creatinine be injected into tlic blood stream via an veil], some 
of it will go in the blood along the renal artery to tlie kidney <iiiring, sa-y\ 
the next 60 sec. Of this, part will be taken up by the kidney pareiudi yma., 
part will pass on through the capillaries and hjave tlic kidncjy b}?- tlio 
blood in the renal vein. The amount leaving the kidney can found 
by collecting all the blood leaving by the renal vein fr.‘om the l)eginning 
of the injection into the ear vein to the end of the ex peri nun t, and 
determining the total amount of creatinine in this blood. Tlie total 
amount taken up by the kidney parenchyma can be fonnd by removing 
the kidney at the moment the collection of tlic renal vein, sample is 
ended, performing the appropriate determinations on the kidney and 
applying a correction for the amount of creatinine in the Iddney before 
the experiment. The sum of tliese two amounts is the amount of creatinine 
which came to the kidney via the renal artery during the experiuKUit. 

The renal extraction ratio is the ratio between the amount taken up 
by the kidney and the amount reaching the kidney during the experi- 
ment; expressed as a percentage it is 

.. ^_Amount taken up by the kidney 

Amount taken up by the kidney + amount leaving kidney in renal vein blood ’ 

The method of determining the correction for tlic creatinine and urea 
in the kidney before the experiment is discussed in the appendix. The 
allowance amounted to 0-4 mg. of creatinine and 8*8 mg. urea per kidney. 
Its eifect is to make the renal extraction ratfios a little lower than thc^y 
would have been without correction; the greatest reduction in tlie case 
of creatinine is 3 p.o., and in the case of urea 7 p.c. 

The long sample experiment is limited in its application, to the first 
minute after the injection of the creatinine as tlie amount of blood 
removed is too large for the collection to be continued longer tlian a 
minute. On the other hand it is easier and more reliable tlian a short 
sample experiment performed during the first minute, for this latter 
experiment then requires the introduction into the calculations of a cor¬ 
rection, which is large in comparison with the small differences between 
the creatinine contents of the heart and renal vein blood, and the possible 
error is thus too big for reliable conclusions to be drawn. Nevertheless, 
under absolutely standard conditions and when the substances to be 
examined are suitable, the two types of experiment give the same results, 
as has been shown in previous work on dyes. 
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TiTlimqiic. 

Tlio. of l.h<> oponif.ioti is similar to t'litit described by 

Sluudiaii [ IbJbf]. loit tile renal vein blood and tieart blood were col- 
lectiHl by the improved me.thod d(\se,rlbed by Dunn, Kay and Shceliani 
1193>1]. In a, nutnb(*r of cases tin*, licart blood was obtained by opening 
the thorax and needling tlu^ ventricle directly; tliis is a very efficient 
a,nd rapid method of colletdung heart blood, and the urea or creatinine 
content of the blood does not appear to be affected during the few seconds 
required for tlie collection. The syringes for collecting the blood contained 
0-05 c.c. of 20 p.c. potassium oxalate solution; a correction was made in all 
figures for tliis volume. The amount of blood collected from, the renal vein 
varied from 8-6 to 23-0 c.c.; the time of collection was usually 1 min. from 
the beginning of the injection of the creatinine into the ear vein. 

In all the (U'catinine experiments the initial injection of creatinine 
was given in the standard time of 10 sec. A 10 p.c. solution in physio¬ 
logical saline was used. A 10 p.c. urea solution was used in all urea 
experiments except the long sample ones, in which a serious difficulty 
was foimd. The rapid intravenous injection of strong urea solutions 
produces a very marked renal vaso-constriction for about half a minute; 
tlie slow injection of a large volume of weaker solution produces much 
less effect. On the other hand, as will be explained in the appendix, 
it is important in tlie long sample experiments that the duration of the 
injection shall not be too long and that the volume of fluid injected shall 
not be excessively large. The technique which best satisfies the require¬ 
ments of the experiment without producing severe interference with the 
renal blood flow was found to be the injection of 25 p.c. urea solution 
during a period of 30 sec. Nevertheless, the renal circulation rates have 
varied greatly in the. course of es-ch experiment; the rate at the time of 
the peak of tlte urea content in the lilood cannot therefore be established. 

Chemical analyses were performed to deter.mino: 

(a) the total amount of creatinine in the whole volume of blood col¬ 
lected from the left renal vein; 

[h) the total amount of creatinine in the left kidney; and for purposes 
of control, 

(c) the total amount of creatinine in the right kidney; 

(d) the percentage of creatinine in the heart blood; 

(e) the partition of the blood creatinine between the plasma and 
corpuscles. 

The details of one actual long sample experiment are given below. 
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Typical protocol of lo-ng sample experiment. 

R. 574. Female. Wt. 2-20 kg. 18. xii. 31. 

Fre-o^mtive. 

0-12 min. 20 c.c. uretliane 20 p.c. solution i.v. 

50-52 5 , 4 c.c. ,, ,, 

56 „ Long sample experiment. 

Operation. 

0 sec. Laparotomy commenced. 

8-18 „ 5 c.c. creatinine 10 p.c. solution I.v. 

20-22 „ 1 c.c. isotonic saline i.v. to wash through vein. 

S-78 „ Collection of blood from left renal vein (23-0 c.c. in 70 sec.). 

c.c. of Mood collected 2 4 6 8 10 12 14 16 18 20 22 

Time in sec. 11 16 21 26 32 39 46 54 61 68 75 

78 sec. Left kidney removed. 

79 „ Right kidney removed. 

84-86 j, Collection of blood from heart. 


Esibnations. 

Left kidney 9-3 g. 101 mg. creatinine per 100 g. 

9-4 mg. j, total. 

Right kidney 9*9 g. 104 mg. „ per 100 g. 

10*3 mg. „ total. 

[From each of these totals 0*4 mg. must be subtracted to allow for pre-existent 
creatinine in the kidney.] 

Heart blood 3-2 c.c. 100 mg. creatinine per 100 c.c. 

Renal vein blood 23'0 c.c. 122 mg. „ per 100 c.c. 

28*1 mg. „ total. 

Renal vein blood plasma 150 mg. „ per 100 c.c. 

Renal vein blood has 66 p.c. of plasma. 

Calculations. 

1 • 1 V 4 - 23-0x60 ... 

Renal circulation rate=- 7 r~:r —— =2*1 c.c. per g. per min. 

9-3x70 ^ ® ^ 

100 (9*4 - 0-4) 

Whole blood renal extraction ratio = ^ =24 p.c, 

28*1+{9-4-0-4) 


Renal vein blood plasma; total volume 15-2 c.c. 

total creatinine content 22-8 mg. 


Plasma renal extraction ratio = 


100 (9-4-0*4) 
22-8+ (9*4-0*4) 


=28 p.c. 


Short sample experiment. 

Basic ‘principles. 

After creatinine is injected into an ear vein it circulates in tlie blood 
stream for some considerable time. Blood containing a Mgb content of 
creatinine is tbus continuously passing tlrrougb tbe kidney and losing a 
certain proportion (tbe renal extraction ratio) of its creatinine. This pro¬ 
portion could in theory be found by collecting firstly a sample of blood 
from tbe renal artery, and secondly a sample of blood from tbe renal 
vein about 3 sec, later, during wbicb interval tbe arterial blood would 
bave bad time to pass tbrougb tbe vascular bed of tbe kidney to tbe 
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vein. In practice, as lias been shown in a previous paper [Sheehan, 
1931], such an experiment is not possible in the rabbit. Actually it is 
necessary to collect the renal vein blood sample first, and a sample of 
arterial blood from the heart as soon as possible afterwards. If the 
injection is given several minutes before the operation, this heart blood 
sample has practically the same creatinine content as the heart blood 
just before the collection of the renal vein blood; if necessary a correc¬ 
tion can be made for the small reduction which occurs during the time. 
The method of ascertaining the requisite correction is discussed in the 
appendix. 

The calculation of the renal extraction ratio is a matter of elementary 
proportion. 


Kenal extraction ratio, p.c. 


= 100x 


difference between creatinine content of heart blood and renal vein blood 
creatinine content of heart blood 


Technique. 

The creatinine, in 10 p.c. solution, was injected from 2 to 160 min. 
before the operation; in this point the experiments differed from those 
previously reported with dyes, where the interval was only a few seconds. 
The operative technique is described by Dunn, Kay and Sheehan 
[1931]. 

The urea was also given in 10 p.c, solution in isotonic saline. The 
dose was usually 1000 mg. per kg., but was varied, in some cases, from 
350 to 1820 mg. per kg. An attempt was also made to study the renal 
extraction ratio at very high blood urea levels, but the large amounts 
of urea which it was necessary to inject proved to be too toxic to the 
rabbits. In the whole group of short sample experiments the operation 
was performed at various times from 3 to 213 min. after the injection 
of urea. The blood ureas lay between 47 and 296 mg. per 100 c.c. Measure¬ 
ments of the urea in the kidneys were not made in any of these experi¬ 
ments. 

Chemical analyses were performed to find: 

(а) the percentage of creatinine in the heart blood; 

(б) the percentage of creatinine in the renal vein blood; and, for pur¬ 
poses of control, 

(c) the total amount of creatinine in the kidneys; 

(d) the partition of the blood creatinine between the plasma and 
corpuscles. 

The details of one actual short sample experiment are given below. 
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Ty-jyical protocol of short sample experiment. 

B. 563. Bemale. Wt. 2-15 kg. 17. xii. 31. 

Fre-operaiive. 

0-10 miB. 20 c.e. urethane 20 p.c. solution i.v. 

63 „ 10 c.c. creatinine 10 p.c. solution l.v. 

77 „ Short sample experiment (14 min. after creatinine). 

Opemiion, 

0 see. Laparotomy commenced. 

11-18 5 , Collection of hlood from left renal vein (2*5 c.c. in 7 sec.). 

c.c. of blood collected 1 2 

Time in sec. 14 16 

18 sec. Left kidney removed. 

20 „ Eight liidney removed. 

19-23 „ Collection of blood from heart. 


Esiimatiom. 


Left kidney 

6*5 gm. 

162 mg. creatinine 
10*5 mg. „ 

per 100 g. 
total. 

Right kidney 

6*5 gin. 

162 mg. 

10*5 mg. „ 

per 100 g. 
total. 

Heart blood 

7*1 c.c. 

121 mg. „ 

per 100 c.c. 

Renal vein blood 

2*5 c.c. 

113 mg. 

„ 100 c.c. 

Heart blood plasma 

120 mg. „ 

„ 100 c.e. 


Heart blood has 61 p.c. of plasma. 

Calculatiotis. 

Renal circulation rate== 3-3 c.c. per g. per min. 

0*0 X / i o JT 

Whole blood renal extraction ratio = --- = 7 p.e. 

121 

The plasma from 100 c.c. heart blood contains 61 p.c. of 120 nig., i.e. 73 mg. creatinine. 
Plasma renal extraction ratio=== j j p » 

EXPERIMENTAL RESULTS. 

Creatihihe. 

Long sample experiments. 

The renal extraction ratios. 

Eiglit satisfactory experiments were performed, tlie more important 
details of wMch. are given in Table II. 

The renal extraction ratios during the first minute after the in¬ 
jection of the creatinine lie between 39 and 21 p.c., with a mean of 
28 p.c. The significance of these renal extraction ratios will be con¬ 
sidered later. 
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Table II. Creatinine long sample experiments. 

Amount of creatinine 
accumulated in left 


Eabbit 

Amount of 
creatinine 
injected 

Duration of 
collection 
of renal 
vein blood 

kidney (observed 
amount minus allow¬ 
ance of 0-4 mg. for 
pre-existent) 

Total amount 
of creatinine 
in renal vein 
blood 

Renal 

extraction 

ratio 

mg. 

sec. 

mg. 

mg. 

p.c. 

B 1 

500 

38 

131 

20-6 

39 

B2 

500 

40 

6-4 

13-8 

32 

B3 

500 

25 

9-7 

26-2 

27 

B4 

200 

60 

3-3 

8-8 

27 

B5 

200 

60 

4-2 

11-9 

26 

B6 

500 

60 

7-2 

21-9 

25 

B 7 

500 

70 

9-0 

28-1 

24 

B8 

500 

66 

8-1 

30-1 

21 


The amounts of creatinine in the kidneys. 

Some interest attaches to the rapidity with which the creatinine 
accumulates in the kidneys during the first minute after injection. 
Table III gives the percentage of injected creatinine found in the two 
kidneys together at various times after the injection. 

Table III. Creatinine long sample experiments. 


Amount of injected creatinine 


Rabbit 

Mean time of 
removal of 
kidneys: sec. 
after beginning 
of injection 

accumulated in kidneys 
(observed amount minus 
allowance of 0-8 mg. for 
pre-existent) 
mg- 

Total amount 
injected 
mg. 

Percentage of 
total amount 
injected 
accumulated 
in kidneys 

B 1 

40 

25*4 

500 

5-08 

B2 

40 

13*4 

500 

2-68 

B3 

26 

18-8 

500 

3-76 

B4 

61 

6*2 

200 

3*10 

B5 

61 

8-9 

200 

4*45 

B6 

63 

15-0 

500 

3-00 

B7 

70 

18*9 

500 

3-78 

B8 

69 

16-0 

500 

3*20 

Mean 54 

The mean percentage of creatinine accumulated in the 

3-63 

two kidneys 


together at about a minute after the injection was 3*63. The mean weight 


of the animals was 2*53 kg. and of their two kidneys together 17*0 g.; 
i.e. the kidneys were only 0*67 p.c. of the body weight but took up more 
than five times this percentage of the injected creatinine within a minute 
or less after the injection. This figure of 3*63 p.Q, at 1 min. is in no way 
surprising. It is in satisfactory agreement with what is known of the 
rate at which other substances accumulate in the kidney. Thus, for 
example, during the first minute after injection, phenol red has a renal 
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extraction ratio about twice that of creatinine, and it does not disappear 
from the general blood stream quite so quickly [Sheehan, 1931]. It 
would therefore be expected that the amount of phenol red taken up 
by the kidneys within a minute after injection would be rather more 
than twice the amount of creatinine taken up in the same time, assuming 
normal renal circulation rates in both cases. Actually the mean amount 
of phenol red taken up is 8*4 p.c. of that injected [Sheehan, 1931], 
t.e. two and a third times the percentage of creatinine which accumulates 
in the kidneys in the same time. 

The blood flow through the kidneys. 

The renal circulation rates in these experiments were quite normal 
in range, as will be seen from Table IV. The actual rate of the blood flow 
from the renal vein was usually very steady; in only two animals did 
the flow slow down to any recognizable extent towards the end of the 
collection. In these two cases the collection was stopped at once. 

Any such reduction of the renal circulation rate towards the end of 
the collection is probably due to generalized vasomotor disturbance. The 
blood flow to the left kidney does not appear to have been disturbed 
by the operative interference with its vein. This is shown by the close 
agreement between the amounts of creatinine which accumulated in the 
two kidneys from any animal. The relative amounts of creatinine in the 
two kidneys may be taken as a fairly good indication of the relative 

Table IV. Creatinine long sample experiments. 


Rabbit 

Renal circulation rate 

Total kidney creatinine 
left/right 

c.c. per g. per min. 

p.c. 

B1 

1-7 

106 

B2 

1-7 

92 

B3 

3-4 

106 

B4 

2-0 

112 

B5 

1-9 

90 

B6 

2*0 

93 

B7 

2-1 

91 

B8 

2-4 

103 


Mean 2*15 

99 


fl^ws through these kidneys, since the amount of creatinine in 
* the same for both sides. The amount of creatinine 

m te iett kidney expressed as a percentage of that in the right kidney 

IS shoTTOL in Table IV. 
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Short sample experiments. 

The renal extraction ratios. 

The results of the short sample experiments are collected in Table V, 
arranged according to the time elapsing between the inj ection of creatinine 
and the operation. 

It will be seen that the renal extraction ratios lie between 6 and 23 p.c. 


Table V, Creatinine short sample experiments. 





Renal 

Creatinine 

mg. 



Creatinine injected 

circulation 

per 100 c.c. 

blood 

Renal 


r- - 

-A -^ 

rate c.c. 

^ _A_„ 

- ^ 

extraction 

Rabbit 

mg. per 

min. before 

per g. 


Renal 

ratio 

kg. 

operation 

per min. 

Heart 

vein 

p.c. 

Cl 

225 

2 

1-9 

67 

56 

16 

02 

470 

3 

1*4 

160 

145 

9 

C3 

215 

4 

2-6 

59 

54 

8 

12 

C4 

500 

5 

2*3 

114 

100 

C5 

230 

6 

1-3 

64 

53 

17 

C6 

490 

8 

1*5 

169 

159 

6 

C7 

210 

12 

2*5 

41 

32 

22 

C8 

465 

14 

3*3 

121 

113 

7 

C9 

200 

19 

3*3 

31 

29 

6 

CIO 

225 

26 

2*8 

32 

27 

15 

on 

500 

26 

3*5 

99 

85 

14 

C12 

500 

44 

1*7 

66 

56 

15 

C13 

500 

60 

2*6 

64 

56 

13 

CM 

500 

90 

1*9 

32 

25 

22 

CIS 

500 

100 

0*9 

46 

37 

20 

016 

500 

105 

2*8 

22 

17 

23 

C17 

2000 

112 

0*8 

154 

146 

6 

018 

1600 

121 

0*8 

188 

170 

10 



Fig. 1. Amounts of creatinine in kidneys. 
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The amounts of creatinine in the kidneys. 

The amounts of creatinine found in the kidneys in the short sample 
experiments are of interest in relation to the figures from the long sample 
experiments. In Fig. 1 the total for each pair of kidneys is given as 
a percentage of the total amount injected, 0*4 mg. per kidney for pre¬ 
existent creatinine being deducted before calculating the percentages. 
The figures from the long sample experiments and from a few control 
experiments are also plotted. 

It will be seen that the amount of creatinine in the kidneys is at its 
maximum immediately after the inj ection of the creatinine and that it then 
steadily diminishes. 

Additional experimental results. 

For the purpose of the later discussion of the significance of renal 
extraction ratios, it is necessary to know what proportion of the injected 
creatinine is carried in the plasma as compared with that carried in 
whole blood. This requires consideration of two factors, the relative 
volumes and the creatinine contents of plasma and corpuscles. 

Distribution of creatinine in the blood. 

Investigations were made as to the distribution of creatinine between 
plasma and corpuscles at various times after the intravenous injection. 


Table VI. Distribution of creatinine between plasma and corpuscles. 





Volume 

Ratio of amount of 

Time after 

Creatinine 

of plasma 

creatinine in plasma 

injection of 

mg. 

per 100 c.c. 

per 100 c.c. 

of 100 c.c. blood to 

creatinine 

- 


blood 

that in 100 c.c. blood 

min. 

tVboie blood Plasma 

c.c. 

p.c. 

1 

31 

43 

70 

97 

1 

122 

150 

65 

80 

1 

76 

95 

63 

79 

1 

142 

169 

65 

77 

1 

58 

63 

61 

67 

9 

56 

59 

61 

73 

ij 

62 

75 

54 

66 

4 

52 

52 

56 

56 

13 

35 

32 

69 

63 

13 

30 

30 

55 

67 

14 

117 

120 

_ 

_ 

23 

30 

27 

53 

47 

25 

89 

82 

60 

55 

25 

54 

51 

56 

54 

25 

29 

26 

59 

52 

26 

15 

16 

57 

60 

27 

29 

29 

65 

65 

27 

11 

11 

55 

55 

101 

100 

99 

62 

62 

107 

67 

66 

60 

58 
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About 10 c.c. of blood were used. Tlie requisite amount of this blood was 
taken for analysis, and the rest was spun, at once, on a rapid centrifuge for 
3 min.; this yielded more than the 2 c.c. of plasma required for the estima- 
tion of its creatinine content. The remainder of the blood was again centri¬ 
fuged for determinations of corpuscular volume. The results are shown in 
Table VI. The table may be summarized by certain averages as follows: 


Time after injection 

Ratio of amount of 
creatinine in 100 c.c. 
plasma to that in 

Ratio of amount of 
creatinine in plasma of 
100 c.c. blood to that 

of creatinine 

100 c.c. blood 

in 100 c.c. blood 

min. 

p.c. 

p.c. 

1 

123 

80 

3 

109 

65 

25 

97 

55 

105 

98 

60 


Two points need mention. First, it is not possible to say how much 
diffusion of creatinine occurs between the plasma and corpuscles during 
the manipulations in vitro^ such as pipetting and centrifugation. The 
figures do not therefore give absolutely reliable information about the 
conditions in vivo. As, however, the manipulations in vitro were the 
same for all the bloods, there is clearly some significance in the change 
of general level of the figures with the lapse of time after the injection. 
Second, the blood used for the determinations at 1 min. was that from 
the renal vein. The plasma of this blood had been exposed to the action 
of the kidney and therefore had lost part of its creatinine; probably it 
had a rather higher creatinine content, relative to that in whole blood, 
when it was in the renal artery. 

The only legitimate conclusions are as follows. Injected creatinine, 
which is only in the plasma at the time of the injection, passes gradually 
into the corpuscles. An equilibrium is estabhshed in about 5 or 10 min. 
with a fairly equal concentration of creatinine in plasma and corpuscles. 
As the plasma creatinine is steadily reduced by the activity of various 
organs the concentration in the corpuscles falls in association; but there 
appears to be some lag in the return diffusion, and the concentration 
in the corpuscles may thus remain for a time slightly higher than that 
in the plasma. The absolute amount of creatinine in the blood is eventually 
distributed between plasma and corpuscles roughly in proportion to their 
relative volumes; i.e. about 60 to 40. 

Plasma volumes. 

It is convenient at this stage to give the data on which the relative 
volumes of plasma and corpuscles have been established. In a discussion 
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in a prerions papex [Dunn, Kay and Slieelian, 1931] the corpuscles 
were assumed to be half the blood volume; the proportion of plasma 
required to be filtered in the glomeruli to account for the elimination 
of urea by filtration was therefore taken to be twice the renal extraction 
ratio. This appears to be erroneous; the present evidence shows that the 
factor should have been 1-6 instead of 2. 

The figures in Table VII were obtained by the thorough centrifuga¬ 
tion of about 10 c.c. of blood from each rabbit; the time required for 
the corpuscles to reach a constant volume was 30-50 min. The blood 
contained a known amount of 20 p.c. solution of potassium oxalate, in 
some cases as much as 0*2 c.c., which is sufficient to make the corpuscles 
shrink to about one-twentieth of their volume [Osgood, 1926]. A cor¬ 
rection has been made in each case for the contraction of the corpuscles 
and also for the volume of oxalate solution added. 

Table VII shows the percentage of plasma in: 

{a) ear vein blood of normal rabbits with no previous injections; 

(&) ear vein blood of rabbits injected with creatinine solution several 
minutes previously; 

(c) heart blood of rabbits injected with urethane solution several 
minutes previously; 

(d) heart blood of rabbits injected both with urethane and creatinine 
solution several minutes previously, and then subjected to short sample 
experiments; 

(e) renal vein blood of rabbits injected with urethane solution several 
minutes pre\fiously, and then subjected to long sample experiments 
involving the injection of creatinine solution intravenously. 


Table VII. Volume of plasma as percentage of blood volume in 
individual rabbits. 



Intravenous injection of 

Intravenous injection of 
creatinine and urethane 


f 

Creatinine 




Normal 

Urethane 

Short sample exp. Long sample exp. 

(a) 

W 

(c) 

id) 

(e) 

59 

50 

60 

55 

61 

61 

54 

61 

56 

62 

62 

55 

63 

57 

63 

65 

56 

63 

59 

63 

65 

59 

63 

59 

64 

74 

61 

66 

59 

65 


69 

67 

60 

65 


69 


65 

66 




66 

70 


Mean 64-3 


59-1 


63-3 


59-6 


64-3 



UREA AND CREATININE ELIMINATION, 


375 


It will be seen that there are very wide variations between different 
rabbits, but that the average figure is about 62 p.c. The small differences 
between the means cannot be considered of any particular significance. 
Even the long sample experiments, where 2 or 5 c.c. of creatinine solution 
were injected at the beginning of the collection of blood, do not show 
any definite evidence of dilution of the blood as compared with normals, 
while the figures of the other groups show a very slightly lower percentage 
of plasma than the normal. 

To investigate fine differences it would clearly be necessary to examine 
a number of samples of blood from the same rabbit. It appears from 
investigation of three rabbits which were each bled from the ear on two 
separate occasions, with a fortnight's interval for examination of the 
relative amounts of the blood constituents, that the plasma volume is 
a fairly constant percentage of the blood volume in each individual 
animal. 

The main conclusion to be drawn from these results is that, although 
the relative volume of the plasma is different in different rabbits, the 
intravenous injection of urethane and creatinine in the way described 
in this paper has no recognizable influence on it. This rapid and efficient 
adjustment of the blood volume is similar to that noted by Smith and 
Mendel [1920] who, in 2 min., injected 100 c.c. of isotonic solutions of 
salts intravenously in rabbits and produced only a very transient 
hydraemia; the blood volume was only raised about 15 p.c. 10 min. later. 


Urea. 

Long sample experiments. 

The renal extraction ratios. 

Five experiments are recorded, the details of which are summarized 
in Table VIII. 25 p.c. urea solution was injected. 

Table VIII. Urea long sample experiments. 

Amount of urea 
accumulated in 
left kidney 




Buration of 

(observed amount 

Total amount 



Amount 

collection 

minus allowance 

of urea in 

Benal 


of urea 

of renal 

of 8-8 mg. for 

renal vein 

extraction 

Babbit 

injected 

vein blood 

pre-existent) 

blood 

ratio 


g. 

sec. 

mg. 

mg. 

p.c. 

I) 1 

4-85 

40 

86 

125 

41 

D2 

5-64 

60 

57 

84 

40 

1)3 

4-88 

60 

113 

275 

29 

1)4 

2-69 

60 

22 

60 

26 

Bo 

3-63 

60 

24 

85 

22 

PH. 

LXXIX. 




26 
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Tlie renal extraction ratios lie between 41 and 22 p.c., witli a mean 
of 32 p.c. Tlie signijBicance of these figures will be dealt with later. 

The amounts of urea in the kidneys. 

The rate of accumulation of urea in the kidneys during the first 
minute after injection is shown in Table IX. 

Table IX. Urea long sample experiments. 


Amount of 
injected urea 
accumulated 



Mean time 
of removal 
of kidneys: 

in kidneys 
(observed 
amount minus 

Total 

Percentage of 
total amount 


see. after 

17*6 mg. for 

amount 

injected 


beginning of 

pre-existent) 

injected 

accumulated 

Babbit 

injection 

mg. 

mg. 

in kidneys 

Bl 

42 

183 

4850 

3-77 

B2 

61 

143 

5640 

2-53 

BS 

62 

223 

4880 

4-57 

B4 

61 

45 

2690 

1-67 

B5 

61 

46 

3630 

1-27 

Mean 57 



2-76 


The mean, 2*76 p.c., is decidedly lower than that of creatinine, which 
was 3*63 p.c. It is neyertheless an indication of rapid accumulation. 
The average weight of the kidneys was 14*5 g. and that of the animals 
was 2*26kg.; the kidneys were therefore 0*64 p.c. of the body weight, 
but took up over four times this percentage of the injected urea. 

The lower proportion of urea taken up as compared with creatinine 
is probably related to the poorer renal circulation in the urea series at 
the time of the peak of the blood content. Certainly the renal extraction 
ratios are slightly higher than in the corresponding creatinine experi¬ 
ments, and it would therefore seem that the kidney is able actually to 
take up more urea than creatinine if equal amounts of the two sub¬ 
stances reach it in the blood. 

The blood flow through the kidneys. 

The renal circulation rates in these experiments shown in Table X 
can at best be only a poor indication of the fluctuating blood flows. It is 
nevertheless rather surprising to And them as high as they are; the blood 
flow before and after the period of marked vaso-constriction must have 
been relatively large. Although the blood flow varied so much, it appears 
to have been the same on both sides. This is shown by the fact that the 
amounts of urea accumulated in the two kidneys lie within the range 
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of ± 10 p.c, in each animal and agree satisfactorily on the whole for ail 
animals. D 2 is excluded from this statement; it appears probable that 
the blood flow was less through its left kidney than through its right. 


Table X. Urea long sample experiments. 



Renal circulation rate 

Total urea in kidneys 

Rabbit 

c.c. per g. per min. 

" left/right p.c. 

I) 1 

2-6 

90 

D2 

(1-2) 

(70) 

D3 

2-6 

103 

1)4 

1*7 

94 

B 5 

1-6 

IQS 

Mean (excluding I) 2) 2-11 

98 


Short sample experiments. 

The renal extraction ratios. 

The results of the short sample experiments are shown in Table XI, 
arranged according to the time elapsing between the injection of the urea 
and the operation. It will be seen that the renal extraction ratios lie 
between —5 and 8 p.c. A negative extraction ratio means that the renal 
vein blood contains more urea than the heart blood. 


Table XI. Urea short sample experiments. 


E-enal 



Urea injected 

circulation 

Urea 

mg. per 

Renal 


( 

. 

rate c.c. 

100 c.c. blood 

extraction 


mg* pel' 

min. before 

per g. 


\ 

ratio 

Rabbit 

kg. 

operation 

per min. 

Heart 

Renal vein 

p.c. 

E 1 

1000 

3 

0-9 

205*0 

203-2 

1 

E 2 

1000 

3 

1-5 

206*1 

198-7 

4 

E 3 

1000 

8 

3-0 

154-9 

144-6 

7 

E 4 

1000 

8 

3-4 

166-2 

163*0 

2 

E 5 

540 

16 

0-9 

92-1 

96*7 

~5 

E 6 

1000 

17 

1*9 

167-0 

164*8 

1 

E 7 

400 

17 

1*2 

47-2 

47-8 

-1 

E 8 

1000 

18 

0-8 

171-5 

174*0 

-1 

E 9 

950 

26 

0'8 

155-8 

163*2 

-5 

ElO 

350 

33 

1-7 

103-7 

99*5 

4 

E 11 

1000 

35 

11 

160-7 

157*0 

2 

E12 

1050 

39 

1-3 

188-5 

188*3 

0 

E 13 

650 

45 

5-6 

116-1 

114*7 

1 

E 14 

1710 

45 

1*3 

282-0 

277*3 

2 

E 15 

430 

46 

3*1 

80-5 

78-3 

3 

E16 

1820 

55 

2*8 

197-5 

188*4 

5 

E 17 

770 

70 

3*0 

137*5 

130-0 

5 

E 18 

1000 

105 

2*3 

111*5 

106*7 

4 

E 19 

1000 

118 

3*8 

121*1 

114*0 

6 

E20 

1000 

147 

3*8 

132-2 

125*1 

5 

E21 

1000 

159 

1*9 

118-4 

108*5 

8 

E22 

4000 

174 

4*1 

296-2 

281*7 

5 

E23 

1000 

189 

0*9 

80-1 

73-5 

8 

E24 

1000 

212 

1*2 

82-2 

77*0 

6 

E 25 

1000 

213 

3*8 

101-2 

93*1 

8 


26—2 
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Tlie figure given for tlie blood urea content of heart or renal vein 
blood is the mean of two paired determinations on each sample, agree¬ 
ment between which was usually within 0*3 mg. per 100 c.c. 

The blood flow through the hidneys. 

In all the short sample experiments the renal circulation rates show 
the usual wide variations; the average fi.gure is 2*2 c.c. per g. per min. 
which is about the normal. There is, however, a tendency to low rates 
for about half an hour after the injection of the urea, and to high rates 
later. This can be shown by the averages from the short sample experi¬ 
ments at various times after the injection. 


Time after 
injection of urea 

Number of 

Mean renal circulation: 

min. 

rabbits 

c.c. per g. per min. 

0-25 

8 

1-7 

25-50 

7 

2'1 

50-220 

10 

2-8 


This suggests that the renal vaso-constriction which develops at the 
time of the injection continues to some extent for several minutes and 
then gives place to a renal vaso-dilatation. An average renal circulation 
rate of 2*8 c.c. per g. per min. in any series of ten animals is unusually 
high and must be regarded as significant. It is of interest to note that 
Addis [1928] has shown that the kidney function of an animal is at its 
highest when large amounts of urea and water have been given by mouth 
some time previously. The renal blood flow appears to be stimulated 
by this treatment in the same way as it is increased by the intravenous 
injection of urea about an hour before. 

The variations of the renal circulation rates corresponding to the 
time after the injection of urea are superimposed on the variations which 
occur in normal animals. This association between the variations is of 
course not a methodical one; the fcequency of occurrence of any par¬ 
ticular rate in these experiments is therefore not significantly different 
from that in normal rabbits. This is seen from the collected results of all 
the animals from the urea and creatinine experiments, including those 
discarded on account of poor blood flows or for other reasons. They are 
shown in Table XII, together with the results of a few similar experi¬ 
ments involving the injection of sodium sulphate. The percentages of 
animals whose renal circulation rates lay within the individuaLl c.c. 
ranges detailed below are very close in the present series of 113 measure¬ 
ments to the percentages in a series of 120 experiments which have been 
recorded previously [Sheehan, 1932a]. The mean rate for the sulphate 



UREA AND CREATININE ELIMINATION, 


379 


experiments is rather high; this is in accord with the calculations made 
by Ekehorn [1931] from the data of Mayrs and Watt as to renal 
blood flows in rabbits injected with sulphate. 

Table XTI. Renal circulation rates. 

Percentage of measurements 
in each 1 c.c. range 
r ^ 

Renal circulation rate Present series Previous series 


c.c. per g. per min. 

113 rabbits 


120 rabbits 

0-1 

21 


14 

1-2 

35 


41 

2-3 

22 


29 

3-4 

18 


12 

4-5 

3 


3 

5-6 

1 


1 

Mean renal circulation rates: 

Previous series: 


2-0 c. 

c. per g, per min, 

Present series: 

All rabbits 


2-1 


53 rabbits injected with 

urea 

2-1 


41 „ 

creatinine 

1-9 

99 99 

19 „ 

sulphate 

2-7 

99 9 9 


THE RELATIONSHIPS OF THE RENAL EXTRACTION RATIOS. 

Creatinine. 

Long sample experiments. 

The renal extraction ratios lie between 21 and 39 p.c. The range is 
rather wide and needs some explanation. As in the short sample experi¬ 
ments to be discussed below, the various factors which could possibly 
influence the ratios have been carefully studied. The only relationships 
which can be established are: 

(1) The highest three renal extraction ratios are those from the 
shortest three experiments. 

(2) There is a tendency to an inverse proportionality between the 
renal extraction ratio and the renal circulation rate similar to that 
noticed in the case of dyes during the first minute after injection. This 
tendency is partly obscured by B 3 which has a high renal circulation 
rate, but a short time of collection of renal vein blood. 

The combined influence of the time of collection and the circulation 
rate factors is expressed in the volumes of renal vein blood collected. 
These, as is shown in Table XIII, have an inverse relationship to the 
renal extraction ratios. 
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Table XIII. Creatinine long sample experiments. 



Amount of blood 

Renal 


collected from 

extraction 


renal vein 

ratio 

Rabbit 

c.e. 

p.e. 

B1 

9-9 

39 

B2 

11-7 

32 

B3 

13-3 

27 

B4 

15*2 

27 

B5 

lo*7 

26 

B6 

lo-2 

25 

B7 

23*0 

24 

B8 

21-2 

21 


No definite lelationsMp can be made out between tlie renal extraction 
ratio and the actual amount of creatinine coming to the kidney during 
the experiment. This amount might perhaps be expected to depend on 
the amount of the blood flow, but such a view is contradicted by the 
results of the experiments; it does not take into account the differences 
in the amounts of creatinine injected and the different heights of the 
peaks of blood creatinine even after the injection of the same amounts 
of creatinine. 

Short sample experiments. 

The renal extraction ratios for the short sample experiments are 
definitely lower than those for the long sample experiments. The fairly 
wide range of variation which they show among themselves again indicates 
the need for considering what influence the numerous variable factors 
in the experiments have on the ratios. 

By graphing all the known variable experimental factors against the 
renal extraction ratios, two were established as significant, and will later 
be discussed fully. With these in mind, the others were re-examined, but 
with negative results, and are here enumerated without elaboration. 

(1) Weight, sex, fatness, calculated blood volume of animal. 

(2) Amount and dosage of creatinine injected. 

(3) Volumes of solutions of creatinine and urethane injected, 

(4) Dose of urethane; time between its injection and operation; depth 
of anaesthesia. (These were fairly constant.) 

(5) Amount of operative interference. (Fairly constant. Where the 
collection of renal vein blood was unduly prolonged, the experiments 
were discarded.) 

(6) Kenal circulation rates. The suggestion of a direct relationship 
between these and the extraction ratios, especially at high and low 
values, is not conclusively established by these experiments. 
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The two significant factors are to some extent inter-related. They are; 

(а) the time elapsing between the injection of the creatinine and the 

operation; 

(б) the amount of creatinine in the heart blood. 

On graphing the renal extraction ratios against the time after the 
injection a very definite relationship can be recognized. The ratios during 
the first minute, as ascertained by the long sample experiments, are 
usually about 27 p.c. After this, during the first 20 min., there is a 
marked tendency to low ratios. From 25 min. onwards the ratios rise 



Pig. 2. Relationship of renal extraction ratios for creatinine 
to time after injection. 

steadily to about 20 p.c. This is shown in Fig. 2. Exps. G IT and 0 18 
are not included in this Figure as they are essentially examples of the 
action of the second factor. The experiments of series F are, however, 
comparable, and are included. 

The extraction ratios during the first minute have been discussed 
earlier. The question that now arises is why there is the dip in the curve 
at 6-24 min. after the injection. Is this phenomenon related to the time 
interval alone, or is it the result of some other concomitant factor? 

The key to the problem lies in the figures after 24 min. These ratios 
are from a time when the interfering factor of the dip in the curve has 
passed off. 
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These experiments, C 10-C 18, are graphed in Fig. 3 against the 
height of the blood creatinine. The figures of ten further short sample 
experiments of series F and G are also included; these are experiments 
about 2 hours after the administration of the creatinine, and the ''time 
dip” is thus not a complicating factor. It is clear from the Figure that 
the renal extraction ratios tend to an inverse relationship with the height 
of the blood creatinine. 



Fig. 3. Relationship of extraction ratios for creatinine to height of blood creatinine. 

# Experiments later than 24 min. after injection. O Experiments earlier than 

24 min, after injection. 

The Figure also shows bj a different notation the renal extraction 
ratios of C 1-C 9, i.e. less than 24 min. after injection. It will be seen 
that in five cases the low ratios at this time are satisfactorily explained 
by the height of the blood creatinine; of the other four ratios, two are 
low and two are unusually low. The results of the urea experiments are 
of assistance in suggesting an explanation for these four low ratios during 
the first 24 min, after injection. 

The relatively lower efllciency of the kidney in deahng with high 
blood creatinines than with small ones is of decided interest in relation to 
Marshall s recent work on the plasma clearance of phenol red in dogs 
[1931]. This author showed that the kidney is relatively rather less efficient 
in secreting this dye from high blood concentrations than from low ones. 
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The point may also be demonstrated by comparing the actual 
differences between the creatinine content of the heart blood and renal 
vein blood at different levels of the blood creatinine. Fig. 4 shows that 
these ''differences’' increase with the height of the blood creatinine, but 
at a diminishing rate. The gradual diminution of the renal extraction 
ratios shown in Fig. 3 is a measure of the failure of the kidney to main- 
tain a strictly proportional increase in the “differences” shown in Fig. 4. 
From the graph-points for blood creatinines of 20-40 mg. per 100 c.c. 



Fig. 4. Relationship of difference between heart and renal vein blood creatinine to height 
of blood creatinine. % Experiments later than 24 min. after injection, O Experi¬ 
ments earlier than 24 min. after injection. 


it might be expected that, if the proportion remained constant, the 
“difference” would be 25 mg. per 100 c.c. at a blood creatinine of 120 mg. 
per 100 c.c. Actually the figure is about 17 mg. per 100 c.c. It appears 
doubtful whether the “difference” in these short sample experiments 
would ever reach 25 mg. per 100 c.c., no matter how high the blood 
creatinine were raised. This, however, is only a matter of speculation; 
the blood creatinine has not been higher than 250 mg. per 100 c.c. in 
any of the short sample experiments. 

It will also be seen from the Figure that the four experiments before 
24 min., where the renal extraction ratios were low, have also an un¬ 
usually low '' difference. ’ ’ 
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This part of the discussion may be summarized in two conclusions : 

(1) The difference between the creatinine content of heart blood and 
renal vein blood increases as the creatinine content of the heart blood 
rises, but in a steadily diminishing proportion. As a result, there is an 
inverse relationship between the renal extraction ratio and the height 
of the blood creatinine. 

(2) From 6 to 24 min. after the injection of the creatinine the renal 
extraction ratio is sometimes lower than would be expected from the 
relationship of renal extraction ratios to blood creatines at other times. 

Urea, 

Long sample experiments. 

The renal extraction ratios lie between 22 and 41 p.c. All attempts 
to establish a correlation between the renal extraction ratio and the 
factors which are known to influence it in work with other substances 
have, however, been unsuccessful. This statement refers essentially of 
course to the factor of renal circulation rates or actual amounts of blood 
flow'' from the kidney. The reason is not far to seek: the blood flows were 
so variable at the crucial time of the experiment, i.e. when the peak of 
the urea content of the blood was passing through the kidney. The renal 
circulation rate during that time can certainly not be judged from the 
blood flow averaged over the whole minute of the experiment; it is there¬ 
fore not surprising that the renal extraction ratios cannot be related to 
this averaged blood flow. 

One point may, however, be noted. The experiment with the highest 
renal extraction ratio is that in which the renal vein blood was collected 
for the shortest time. The same phenomenon was observed in the long 
sample experiments with creatinine. 

Short sample experiments. 

The experiments of series F are included in this discussion as they 
show no differences from those of series E. The renal extraction ratios 
for these raised blood ureas are very variable; they lie between —5 and 
+ 8 p.c. 

As with creatinine, they have been graphed against all observed 
factors; again the two important factors are the time elapsing between 
the injection of the urea and the operation, and the amount of urea in 
the heart blood. The time relationship is considered first; it is shown 
in Fig. 5. 



Renal extraction ratio, p.c. 
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Fig. 0 . Relationship of renal extraction ratios for urea to time after injection. 



Fig. 6, Relationship of renal extraction ratios for area to height of hlood urea. 
H Authors’ figures, o Figures of Addis and Shevky, 
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The Figure shows that there is a dip in the curve during the first 50 
min., which is longer and deeper than in the case of creatinine. Between 
16 and 26 min. the renal extraction ratios are usually negative, and are 
sometimes as low as —5 p.c. From 40 to 50 min. the ratios increase 
rather quickly, and after 50 min. settle to a comparatively constant 
level, though there is still evidence of a tendency to increase. 

The interpretation of the curve rests again on the figures after the 
preliminary dip, i.e. on the figures later than 50 min. after the injection. 
These fifteen renal extraction ratios appear to be relatively free from 
the influence of the time factor; they can therefore be graphed against 
the height of the blood urea. This is done in Fig. 6, which also includes 
two other groups of figures for comparison. These are, first, a previously 
published group of eighteen renal extraction ratios for urea on animals 
with no previous injection of urea [Dunn, Kay and Sheehan, 1931]. 
These data are quite comparable with those of the present work as the 
experimental technique was the same. The second group is of ten rabbits 
with raised blood ureas from the figures of Addis and Shevky [1917]; 
this group is shown in the Figure by a distinctive sign. 

Addis and Shevky employed a technique roughly similar to the 
short sample experiment. They publish, in all, figures of nineteen experi¬ 
ments where gross bilateral interference with the kidneys was avoided, 
but give no details of the variable factors such as time, etc. Some 
division of these figures into groups is necessary, but, as their data are 
so incomplete, the division can only be attempted here on the general 
principles which have been established in the present study. This 
classification of their figures is given below and the figures are given in 
Table XIV; the fourth group (§) contains the figures which are used for 
comparison with those of the present work. 

Group oc. At normal blood urea levels, probably from normal animals 
with no previous or recent administration of urea. The ratios are never¬ 
theless unusually low. 

Group j8. Low ratios, probably soon after the administration of 
urea, or in rabbits with low renal function perhaps associated with low 
renal circulation rates. 

Group y. High figures open to doubt in view of the levels of the 
extraction ratios in the rest of their work, in the work of Dunn, Kay 
and Sheehan [1931], and in the short sample experiments of the 
present work; possibly due to some experimental error. 

Group S. Raised blood ureas and satisfactorily functioning kidneys, 
probably some time after administration of urea. 
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Table XIV. Results of Addis and Sliveky’s experiments. 



Urea mg. per 100 

c.c. blood 

Renal 

extraction 

ratio 

p.c. 

Group 

Jugular vein 

Renal vein 

a 

23 

22 

5 


27 

27 

0 


38 

38 

0 

B 

78 

77 

1 


129 

130 

-1 


197 

196 

0 


216 

211 

2 

y 

53 

42 

21 


57 

47 

18 

S 

93 

88 

5 


96 

92 

4 


102 

97 

5 


140 

130 

7 


149 

139 

7 


178 

169 

5 


187 

180 

4 


189 

180 

5 


196 

184 

6 


223 

212 

5 


To return to Kg. 6. There is a reasonable agreement of the present 
results with the group 8 figures of Addis and Shevky. It will be seen 
that the renal extraction ratio is in general lower as the blood urea 
increases. The inverse relationship between the eiSEiciency of the kidney 
and the height of the blood urea is a similar phenomenon to that observed 
in the case of creatinine. It can also be demonstrated by plotting the 
actual differences between the urea content of renal vein blood and heart 
blood against the height of the blood urea as in Fig. 7. 

The same two groups of figures are again included for comparison; 
the high blood urea figures of Addis and Shevky and the normal blood 
urea figures of Dunn, Kay and Sheehan. The gradual failure of the 
kidney to keep the difference” proportional to the blood urea is seen 
quite clearly. It seems possible from extrapolation that the maximum 
“ difference” that could be reached would be between 15 and 20 mg. per 
100 c.c. at a blood urea of about 500 mg. per 100 c.c. This is of course 
quite hypothetical; as mentioned earlier a number of experiments were 
planned to deal with this point, but were unsuccessful owing to the toxic 
effect of the large doses of urea required. 

With regard to the group of experiments performed earlier than 50 
min. after the injection of the urea, consideration must be given to the 
question of whether the low renal extraction ratios are indicative merely 
of the height of the blood urea at the time. By comparison of the ratios 
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of E l-B 15 (from the ‘"dip” in the time graph) with the ratios plotted 
in Fig. 6 it will be seen that E 2 and E 3 gave renal extraction ratios 
which were normal at their levels of blood urea, that E 10 gave a ratio 
a little lower than the normal range, and that all the remainder are very 
definitely subnormal. It is quite clear that the amount of time elapsing 
after the injection is a factor of great importance during the first 60 min., 
and that the height of the blood urea is not of the same significance at 
that time. 



Fig. 7, BelationsMp of difference between heart and renal vein blood ureas to height of 
blood urea. ® x4uthors’ figures, o Figures of Addis and Shevky, 

The conclusions to be drawn from the short sample experiments 
about urea are almost identical with those already drawn about creatinine. 

(1) The difference between the urea content of heart blood and renal 
vein blood increases as the urea content of the heart blood rises, but in a 
steadily diminishing proportion. As a result, there is an inverse relation¬ 
ship between the renal extraction ratio and the height of the blood urea. 

(2) From 6 to 50 min. after the injection of the urea the renal extrac¬ 
tion ratio is almost invariably lower than would be expected from the 
relationship of renal extraction ratios to blood ureas at other times. 

COMBmMB UBEA AM) CREATINmE EXPERIMENTS. 

Ha\dng ascertained the two important factors which affect the renal 
extraction ratios in the cases of creatinine and urea, it is now possible 
to investigate the ratios for both substances when they are injected 
together in the same animal. Such an experiment should be performed 
at an interval after the injection of the urea and creatinine sufficient 
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to avoid the complicating factor of the ''dip” period. The only known 
factor remaining is the amount of the substance in the blood, and the in¬ 
fluence of this factor can be estimated sufficiently closely from Kgs. 3 and 6. 
It is thus possible to find whether the administration of either creatinine 
or urea interferes with the renal extraction ratio for the other substance. 

The purpose of the first series of combined experiments was to raise 
the blood urea fairly high, but to raise the blood creatinine only suffi¬ 
ciently to allow of accurate estimation: then, by short sample experiment, 
to find the renal extraction ratios for the two substances, and to compare 
the ratios with those obtained when each substance is injected singly. 

A mixed solution of urea and creatinine was injected intravenously 
in each rabbit; the doses were always 1000 mg. of urea and 250 mg. of 
creatinine per kg. The operations were performed at 130-160 min. later. 
The renal circulation rates were normal, varjdng between 1*6 and 3*1 c.c. 
per g. per min. with an average of 2*3 c.c. per g. per min. The blood 
ureas were about 100 mg. per 100 c.c., the blood creatinines about 10 mg. 
per 100 c.c. At these levels it will be seen from Figs. 3 and 6 that the 
renal extraction ratios are about 6 p.c. for urea and 20 p.c. for creatinine 
when the substances are given singly. 

The chief results of the experiments are given as series F in Table XV. 
It will be seen that the renal extraction ratios lie within the range found 
when the substances are injected singly. The conclusions from this series 
of experiments are that a fairly large elevation of the blood urea does not 
affect the renal extraction ratio for creatinine, and that a small elevation 
of the blood creatinine does not affect the renal extraction ratio for urea. 

A second series of experiments was then performed to test the effect 
of raising the blood creatinine to high levels while leaving the blood urea 

Table XY. Combined experiments. 


Urea mg. Creatinine mg. Benal extraction 

per 100 e.c. blood per 100 c.c. blood ratio p.c. 


Rabbit Heart 

Large doses of urea: 

Renal vein 

Heart 

Renal vein 

Urea 

Creatinine 

F 1 

147-6 


139-2 

18-0 

14-0 

6 

22 

F 2 

95-7 


92-1 

8-2 

6-9 

4 

16 

F3 

111-2 


104-1 

9-3 

7-5 

6 

20 

F4 

95-9 


91-5 

7-1 

5-7 

5 

20 

FS 119-9 

Large doses of creatinine: 

110-6 

10-4 

8-3 

8 

20 

0 1 

38-1 


37-9 

240 

222 

0 

8 

G2 

50-1 


48-9 

141 

123 

2 

13 

G3 

48-4 


48-4 

105 

97 

0 

8 

G4 

24-9 


24-3 

84 

69 

2 

18 
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low. Tliese rabbits received creatinine intravenously in doses from 1*6 
to 2*0 g. per kg.; tkey were given no urea. The short sample experiments 
were performed at 112-131 min. after injection. The renal circulation rates 
were low, ranging from 0*8 to 1*2 c.c. per g. per min., with an average of 
0*9 c.c. per g. per min. The blood creatinines were raised to 84-240 mg. 
per 100 c.c. From Fig. 3 it will be seen that at these levels the usual renal 
extraction ratios for creatinine are about 16 and 8 p.c. respectively. 

The results of the experiments are given as series G in Table XV. 
The renal extraction ratios for creatinine are within the range found in 
experiments where creatinine was investigated alone. The renal extrac¬ 
tion ratios for urea are, however, somewhat surprising. The blood ureas 
were normal and the renal extraction ratios would therefore be expected 
to lie between 6 and 13 p.c. [Dunn, Kay and Sheehan, 1931]. They lie 
in the present experiments at 0 and 2 p.c. instead. There is clearly a 
marked impairment of urea ehmination. 

The results of the two series of experiments may be illustrated in 
another way. The average differences between heart blood and renal 
vein blood are as follows: 

Difference 

Heart blood—renal vein blood 
mg. per 100 c.c. 



Urea 

CreJttinme 

Series P 

6-6 

2*3 

Series G 

0*5 

15-0 

Normal rabbits 

2-5 

0-15* 


* Estimated from creatinine excretion in urine. 


In series F, in which large amounts of urea were injected, the kidneys 
were removing absolutely much more urea and creatinine from each 
100 c.c. of blood than in the normal rabbit, though the renal extraction 
ratio for urea was of course lower than in rabbits with normal blood urea. 

In series G, in which large amounts of creatinine were inj ected, there 
was not only a relative reduction of urea elimination, as expressed in 
the renal extraction ratios, but an absolute reduction as well. The kidneys 
were removing only about a fifth of the urea that is removed from each 
100 c.c. of blood in normal rabbits. This specific interference with urea 
elimination is of interest. There was also an interference with the renal 
circulation, the blood flow being only about half the normal. (See also 
the comparable experiments, C 17 and C 18 in Table V.) But with regard 
to creatinine the kidneys were working excellently and taking 15 mg. 
of this substance from every 100 c.c. of blood; it can thus not be con¬ 
sidered that there was any general depression of renal function. 
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The interference with the renal extraction ratios for urea leads, as 
would be expected, to some elevation of the blood urea. In five rabbits 
the blood urea was measured immediately before and at 4 hours after 
an intravenous injection of 2000 mg. of creatinine per kg.; the dose was 
the same as that used in series G. The results are given in Table XVI; 
it will be seen that there is an average increase of nearly 10 mg. urea 
per 100 c.c. at 4 hours after administering the creatinine. 

Table XVI. Effect of large doses of creatinine on blood urea. 

Blood urea 
mg. per 100 c.c. 



Before creatinine 

4 hours after 

Rabbit 

injection 

creatinine injection 

HI 

29-4 

37-6 

H2 

38-9 

51-2 

H3 

39*4 

50*2 

H4 

48*2 

55-0 

H5 

484 

58-2 


Mean 40-8 

50*5 


PLASMA RENAL EXTRACTION RATIOS. 

Ceeatinine. 

The discussion so far has taken no account of the relative amounts 
of creatinine in the plasma and in the corpuscles. For the purpose of 
simplicity all renal extraction ratios have been calculated as those for 
whole blood. It is now necessary to consider a complicating factor of 
definite and fundamental importance. 

The creatinine in the blood is not carried in the plasma alone. Part 
of it is in the corpuscles; presumably it has entered them by a process of 
diffusion. For practical purposes the creatinine in the corpuscles is out¬ 
side the immediate scope of the activity of the kidney. This follows from 
the following considerations. The initial diffusion from the plasma to 
corpuscles is not very rapid; at 1 min. after the injection the corpuscles 
contain only 20 p.c. of the total creatinine in the blood, though later 
they will contain 40 p.c. During the first minute the conditions favouring 
diffusion are very good, the plasma having a high creatinine content and 
the corpuscles a very low one. This may be contrasted with the condition 
of the blood which is exposed to the action of the kidney a few minutes 
later. At that time an equilibrium has been reached with the percentage 
of creatinine in the plasma about equal to that in the corpuscles. If the 
kidney suddenly removes 20 p.c. of the creatinine in the plasma passing 
through the renal capillaries, the equilibrium will be disturbed and a 

27 
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return diffusion of creatinine from corpuscles to plasma will take place. 
It is, however, most unlikely that such a return diffusion can reach any 
significant proportion during the 3 or 4 sec. that the blood is passing 
through the renal capillaries, since the known rate of diffusion during 
60 sec. is, as shown above, not really very great even under very favour¬ 
able conditions. Probably, therefore, the creatinine in the corpuscles 
passes through the renal capillaries practically unaltered in amount. 

The significant figure in considering the renal elimination of creatinine 
is, therefore, the amount of creatinine in the plasma going to the kidney, 
since only this amount of creatinine is exposed to the activity of the 
kidney. The figures given in an earlier section may be summarized as 
follows. At the time of the injection the plasma contains practically all 
the creatinine in the whole blood; at the end of 1 min. it contains 80 p.c. 
of it. An average figure of at least 90 p.c. in the plasma may be taken 
as representing approximately the condition during the first minute. 
On the other hand, after the first minute the plasma contains 60 p.c. of 
the creatinine in the -whole blood. 

The bearing of these points on the renal extraction ratios is that the 
kidney is not taking up creatinine from the whole amount in the blood 
but only from the part of it in the plasma. The conception of a ‘^plasma 
renal extraction ratio” must be added to that of the ordinary whole 
blood renal extraction ratio.” The plasma renal extraction ratio is the 
trne measure of renal elimination, since the ordinary ratio includes 
creatinine which is not exposed to the activity of the kidney. The calcula¬ 
tion of the plasma renal extraction ratio for any individual experiment 
depends of course on the proportion of creatinine in the plasma having 
been ascertained exactly, but the average ratios for the whole series of 
experiments can be calculated with sufficient accuracy by multiplying 
the ordinary ratios during the first minute by 100/90 and those after 
the first minute by 100/60. 

Without going into the figures of individual experiments the fol¬ 
lowing averages may be given: 

Whole blood renal Plasma renal 
extraction ratio extraction ratio 


p.c. p.c. 

During first minute after injection 28 31 

More than 24 min. after injection: 

(а) At Mood creatinine of about 

20 mg. per 100 c.c. 23 38 

(б) At Mood creatinine of about 

100 mg. per 100 c.c. 14 23 

(c) At Mood creatinine of about 

200 mg, per 100 c.c. 8 13 
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It should, be explained at this point that the distribution of creatinine 
in the blood between plasma and corpuscles has not been studied in every 
experiment. For this reason the matter has not been raised earlier, since 
it would have involved expressing certain results as plasma renal extrac¬ 
tion ratios and others as whole blood renal extraction ratios. The general 
level of the plasma renal extraction ratios can, however, be established 
quite satisfactorily by the method here adopted. In the individual experi¬ 
ments where the actual plasma-corpuscle proportion of creatinine was 
measured, the plasma renal extraction ratios are in agreement with the 
figures calculated for the whole series of experiments. 

Urea. 

Unfortunately no actual measurements were made of the distribution 
of urea between corpuscles and plasma in the present work; the amount 
of apparatus required made such additional investigations impracticable. 
Certain conclusions, however, may legitimately be drawn from the facts 
which are known. 

It has been established by many workers that the urea content of 
the corpuscles is the same as that of the plasma, whatever the level of 
the blood urea. Thus at several minutes after the injection of urea the 
same condition may be presumed to obtain; the plasma therefore con¬ 
tains 60 p.c. of the whole amount of urea in the blood. The only question 
which requires more detailed consideration is the rate at which this 
equilibrium is reached. Some indirect information on the point can be 
obtained from a comparison of the rates of disappearance of urea and 
creatinine from the heart blood. The following figures represent the 
approximate amounts in the heart blood at two intervals after the 
intravenous injection of 1000 mg. of the substance per kg. 

Urea Creatinine 

mg. per 100 c.c. blood mg. per 100 c.c. blood 

5 min. after injection 170 280 

50 „ „ 140 140 

It wiU be seen that both substances reach the same level in the blood 
after 50 min., but that the initial rate of disappearance of urea is much 
greater. The disappearance is due chiefly to the passage of the substance 
into various tissues of the body. It would therefore appear that urea 
can pass more readily from the blood into the tissues than creatinine. 
Probably the same rule applies to the passage from plasma to corpuscles. 
It seems therefore permissible to assume that the mean proportion is 
80 p.G. for urea as against 90 p.c. for creatinine. As indicated above, 

. . 27—2, _ 
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a proportion of 60 p.c. of tlie urea in the plasma can be accepted as quite 
accurate for experiments several minutes after the injection. 

The following plasma renal extraction ratios are calculated by multi¬ 
plying the average ordinary renal extraction ratios during the first 
minute by 100/80 and those after the first minute by 100/60. 

Whole blood renal Plasma renal 



extraction ratio 

extraction ratio 


p.c. 

p.c. 

During first minute after injection 

32 

40 

More than 50 min. after injection: 

{a) At blood urea of about 30 mg. per 100 c.c. 

9 

15 

(6) At blood urea of about 100 mg. per 100 c.c. 

7 

12 

(c) At blood urea of about 200 mg. per 100 c.c. 

5 

8 

1(a) includes the figures of Dunn, Kay and Sheehan on normal rabbits.] 

lOTERPRETATION OP THE RENAL EXTRACTION RATIOS. 


To avoid misunderstanding it is necessary to define certain words 
used in this section. Reabsorption means the passage of a substance from 
tubular lumen to tubular epithelium; direct absorption means the passage 
from the blood in the intertubular capillaries to the tubular epithelium. 
Secondary return means the passage from tubular epithelium to the blood 
in the intertubular capillaries; secretion means the passage from tubular 
epithelium to tubular lumen. A substance may enter the tubular epi¬ 
thelium by either of the first two methods, and leave it by either of the 
second two methods; e.g. there is no fundamental reason why direct 
absorption should be followed by secretion rather than by secondary 
return. Furthermore, a substance entering the tubular epithelium by 
either method may leave it at once, or only after an interval, or may be 
stored or metabolized there. Of course, none of these processes comes 
into play in the case of a substance which is eliminated from the blood 
by filtration alone and which passes down the tubule without any 
reabsorption. 

The present work deals merely with the elimination of urea and 
creatinine from the blood by the kidney. This is not to be confused 
with the excretion of these substances in the urine. The two processes 
must finally balance; there is certainly not a permanent accumulation 
of the substances in the kidney. But there is no evidence that each unit 
of urea or creatinine removed by the kidney from the blood is at once 
excreted into the urine. The significance of this distinction has been the 
subject of discussion elsewhere [Ekehorn, 1932; Sheehan, 1932 6, 
1933]. 
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It may be mentioned at this point that, though the kidney may 
possibly produce or utilize creatinine or urea, such processes can hardly 
play any significant part in the present experiments, in view of the rela¬ 
tively large amounts of the two substances which have been administered. 
The essential results of the whole investigation are summarized below. 
The figures given are arithmetical averages, but they are given here only 
because they indicate the general level of the ratios. Any single experi¬ 
mental result represents only a brief incident in the renal activity of one 
animal; yet, taken all together, the results obtained from many animals 
under different experimental conditions as to time, plasma concentra¬ 
tion, etc. may reasonably be considered to indicate the usual renal 
response of any animal to the particular substance injected. The results 
are calculated to give the proportion of the substance which is removed 
from the plasma during its passage through the kidney. 


Plasma renal extraction ratio p.c. 



Urea 

Creatinine 

During first minute after injection 

40 

31 

(maximum 50) 

(maximum 43) 

At 2-20 min. after injection 

2 

19 

More tlian 50 min. after injection: 

(a) At blood content of about 

20 mg. per 100 e.c. 

15 

38 

(5) At blood content of about 

100 mg. per 100 c.c. 

12 

23 

(c) At blood content of about 

200 mg. per 100 c.c. 

8 

13 


The next step is to consider how these figures are to be interpreted 
in terms of renal function. 

Ratios later than 50 min. apter the injection. 

The chief problem that arises is the explanation of the inverse rela¬ 
tionship between the amount of creatinine or urea in the blood and the 
renal extraction ratios for these substances, in the experiments after the 
early ‘^'dip” in the graphs has passed off. Associated with this is the 
problem of the renal extraction ratios found in the combined experiments. 

The former question will be considered first in the case of each sub¬ 
stance. 

Creatinine. 

The ^"filtration’’ theory affords two possible explanations, (a) de¬ 
creased filtration, or (6) increased reabsorption and secondary return at 
high blood creatinines. 
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Decreased filtration. 

It is exceedingly improbable tbat tbe large amount of creatinine in 
the blood could provide any physical impediment to filtration of the type 
exerted by proteins. The only reasonable theory is that the high blood 
creatinine interferes with filtration by producing vasomotor effects on the 
glomerular arterioles or capillaries. Although this need not necessarily 
be associated with any alteration of renal blood flow, it is of interest 
to note the low renal blood flows after the administration of very large 
amounts of creatinine in C 17 and C 18 and G 1-G 4. This vasomotor 
disturbance is not directly related to the height of the blood creatinine 
as is seen from experiments C 1~C 15. Nevertheless, the occurrence of 
vasomotor effects in the former cases makes the occurrence of‘Other 
types of vasomotor effects a distinct possibility. 

This theory promdes, however, no plausible reason for the almost 
complete arrest of urea elimination in series G. 

Increased reabsorption and secondary return. 

At first sight it appears rather paradoxical that reabsorption and 
secondary return should increase when the blood creatinine is very high, 
and therefore when the animal is in most need of excreting the substance. 
Two points must, however, be borne in mind: 

(1) The increased reabsorption and secondary return are only rela¬ 
tive. The absolute difference between the creatinine in heart blood and 
renal vein blood does become greater as the blood creatinine rises; the 
problem at issue is why this difference becomes a steadily diminishing 
proportion of the blood creatinine. 

(2) Eeabsorption and secondary return are not necessarily active 
functions of the tubular epithelium; they may represent only a passive 
diffusion from the tubular lumen back to the blood. Now there is a 
maximum concentrating power of the kidney as a whole for different 
substances; e.g. from estimations on bladder urine it is found that the 
rabbit concentrates urea only up to about 5 p.c., the cat up to about 
10 p.c. There is presumably therefore a maximum concentration in the 
renal tubules which is specific for each substance. Information as to the 
exact level of this maximum concentration in the different parts of the 
tubule is unobtainable. But when the blood creatinine is very high a 
relatively smaller removal of water from the filtrate may raise the 
creatinine in the tubular urine to near its maximum concentration. In 
this case the tubular epithelium will be under steadily increasing strain. 
It may respond either by reabsorption and secondary return of creatinine 
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(either as an active process or merely by allowing diffusion) or by re¬ 
moving less water from the tubular urine. The former would provide a 
reasonable explanation of increasing reabsorption and secondary return 
with increase of the blood creatinine and thus for a diminishing renal 
extraction ratio. 

Furthermore, if the tubular epithelium is under heavy strain in 
dealing with creatinine, it seems possible that it might fail also to retain 
urea efficiently in the tubule, even though the urea was not in high 
concentration. 

According to the ^‘secretion’’ theory it would be expected that the 
tubular epithelium would be stimulated to absorb directly and secrete 
a greater absolute amount of creatinine the higher the blood creatinine. 
In opposition to this, the greater the absolute amount of creatinine secreted 
the greater would be the work done by the tubular epitheHum, and there¬ 
fore presumably the less efficiently would this epithelium deal with 
additional work. In this connection, the available supply of oxygen 
might be a factor of importance, but this is still undecided. Gremels 
[1930] found that the oxygen usage of the kidney is roughly proportional 
to the amount of excretion of nitrogenous substances; on the other hand 
Ehoads, van Slyke, Hiller and Alving [1931] found that the oxygen 
consumption of the kidney is not markedly affected by increasing the 
urea excretion. 

If the tubular epithelium were under heavy load in directly absorbing 
and secreting creatinine, it is of course quite possible that it would be 
unable to deal with urea efficiently, and thus that the renal extraction 
ratio for urea would be lowered when the blood creatinine was very high, 
as in series G. 

Urea. 

The same explanations apply to the urea results as to the creatinine 
results. 

The sudden reduction of renal blood flow during the injection in the 
long sample experiments is evidence that urea can produce vasomotor 
disturbance. The possibility thus arises that it may affect the vasomotor 
control of filtration in all the experiments. This, however, does not explain 
the fact that the renal extraction ratios for creatinine in series F were 
not affected by the high blood urea. If the amount of filtration were 
the controlling factor, a reduction in the percentage of plasma filtered 
should affect the renal extraction ratio of the two substances equally. 

The occurrence of increased reabsorption and secondary return when 
the blood urea is high would provide a more satisfactory explanation. 
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The fact that the renal extraction ratio for urea is lower than that for 
creatinine means, according to a pure “filtration” theory, that much 
of the filtered urea is normally reabsorbed into tubular epithelium and 
secondarily returned to the blood. This process may be presumed to 
occur fairly easily, and apparently is capable of increase without neces¬ 
sarily invohdng the reabsorption and secondary return of creatinine. 

On the other hand, a “secretion” theory offers a plausible explana¬ 
tion. As in the case of creatinine, the gradual diminution of the renal 
extraction ratios with rising blood urea is to be expected, as the work 
done increases with increase of the absolute elimination of urea from 
each 100 c.c. of blood. An easy solution can also be given for the problem 
of series Y and G. 

By reference to the average “ differences ” in these two series tabulated 
earlier, it will be seen that in series F the absolute amount of urea 
eliminated from the blood by the kidney was about 4 mg. per 100 c.c. 
more than normal. This cannot be considered a serious overload for the 
kidney which has normally to eliminate 2-5 mg. of urea from each 100 c.c. 
of blood and can remove as much as 15 mg. per 100 c.c. The kidney was 
also able to eliminate at the same time over 2 mg. per 100 c.c. more 
creatinine than normal without any evidence of failure. 

On the other hand, in series G the kidney was eliminating about 
15 mg. creatinine more than usual from each 100 c.c. blood, which is 
about a hundred times the normal amount. This may be considered to 
be probably a big load for the tubular epithelium, the highest “dif¬ 
ference” observed in any experiment being 18 mg. per 100 c.c. With 
this work to be done in dealing with creatinine, it is hardly surprising 
that the kidney practically ceased work with regard to urea. 

The inverse relationship between the height of the blood urea or 
creatinine and the renal extraction ratio for these substances can thus 
be explained sufficiently by either a “filtration” theory or a “secretion” 
theory. From the point of view of the former theory, it appears more 
probable that reabsorption and secondary return are increased than 
that filtration is diminished when the blood urea or creatinine are 
raised. 

The results of the experiments where both substances were injected 
together can also be explained by either theory, but are more readily 
explainable on the view that the ehmination of the substances is an 
active process. 
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Eatios during the first minute after the injection. 

The ratios for creatinine and urea found in the long sample experi¬ 
ments can be explained fairly easily by a “filtration” theory. It is 
necessary to assume that about 30-40 p.c. of the plasma is filtered in 
the glomeruli and that, even if reabsorption of urea or creatinine into 
tubular epithelium does occur during the first minute, there is no 
secondary return of the substances to the blood during this time. The 
plasma renal extraction ratios are thus about maximal, and give a direct 
measure of the percentage of plasma filtered. The fact that the ratios 
for urea are higher than those for creatinine duiing the first minute is 
explicable on the view that the vasomotor disturbance produced by the 
injection cf the urea may increase the amount of filtration to as much as 
50 p.c. of the plasma entering the renal blood vessels. 

The ratios can, however, be equally well explained as diie to the direct 
absorption of creatinine and urea from the blood by the tubular epi¬ 
thelium. This epithelium contains a relatively small amount of the sub¬ 
stance at the start of the experiment. Suddenly the blood in the renal 
capillaries comes to contain a large amount of the substance. It seems 
not unlikely that the tubular epithelium should take up the creatinine 
or urea rapidly until a state of equilibrium is reached between the 
epithelium and the blood. This direct absorption may be either an active 
process on the part of the cells or merely diffusion of the substance, or 
both. 

The view that the kidney absorbs creatinine and urea directly from 
the blood during the first minute is supported by two facts. First, the 
tubule cells certainly present to the blood stream a surface capable of 
direct absorption, as has been shown previously in the case of dyes. 
Second, the urea and creatinine are removed from the blood by many 
other tissues during the first minute after injection, as is obvious from 
Figs. 8 and 9 (which are given later); this can only be by direct absorption 
of the urea and creatinine by these tissues. The kidneys take up a bigger 
proportionate amount of these substances than the average for the rest 
of the body. There do not seem to be satisfactory grounds for denying 
to the kidneys a property which is possessed by most other tissues in 
the body excluding fat and bones [Marshall and Davis, 1914]. 

Comparison of these two figures shows also that urea is removed 
from the general blood stream more rapidly during the first few minutes 
than is creatinine. The higher renal extraction ratio for urea than for 
creatinine indicates that the kidney is, like the other tissues of the body, 
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able to remove urea more easily tban creatinine from the blood during 
tbe first minute after injection. A similarity in the metbod of removal 
of tbe substances by tbe kidney and by other tissues is certainly sug¬ 
gested. 

Tbe further question arises as to why tbe ratios found in the long 
sample experiments tend to be higher when the collection of renal vein 
blood is short than when it is long. On the basis of a '‘filtration’' theory, 
if the amount of filtration remains fairly constant, it is necessary to 
assume a rather marked loss of creatinine (or urea) from the kidney in 
the second half minute during which renal vein blood is being collected. 
Such loss might be by excretion into the bladder, or by reabsorption 
and secondary return to the blood stream. As is discussed later, it seems 
unlikely that any significant loss by excretion can occur; the possibility 
that reabsorption and secondary return may be in progress remains. 

On the other hand, the facts can be easily explained on the view 
that the early rapid accumulation of creatinine occurs by direct absorp¬ 
tion. During the initial peak of high creatinine in the blood the kidney 
takes up a great deal of creatinine from the blood. There is then a 
sudden fall in the creatinine content of the blood. The conditions which 
led to the initial rapid direct absorption are thus reversed in the latter 
half minute of the blood collection, and it is therefore to he expected 
that direct absorption will be much reduced or perhaps even replaced 
by secondary return. 

The same explanations which have been given for the creatinine 
ratios apply of course equally to urea. 

Eatios at 2 TO 20 min. attek the injection. 

The dip in the extraction curves of both urea and creatinine during 
the first 20 min. follows on the rapid taking up of these substances by 
the kidney, and occurs at a time when their concentration in the blood 
has fallen much below its peak level. According to either theory a nega¬ 
tive extraction ratio is undoubted evidence of secondary return. In the 
urea experiments there is therefore proof that urea sometimes passes 
from the tubular epithelium into the blood. This cannot be interpreted 
as indicating by which route this urea had entered the tubular epithelium. 
Bhoads, van Slyke, Hiller and Alving [1931] remark that "the 
occurrence of renal blood urea contents markedly higher at times than 
arterial urea contents appears to be proof of the occurrence of reabsorp¬ 
tion of urea from the kidneys.” Then: conclusion is quite justified, so 
long as their term "reabsorption” is understood to refer only to what 
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lias been called here ''secondary return” of urea from the kidneys to 
the blood. It must obviously not be extended to include "reabsorption” 
of urea from tubular urine into the kidney parenchyma. 

Explained by a "filtration theory,” a negative extraction ratio would 
indicate that more urea is being reabsorbed and secondarily returned to 
the blood than is being removed from the blood by filtration. In this 
connection two points must be recognized. First, the time required for 
reabsorbed urea to pass across the epithelial cells and be returned to 
the blood is quite unknown; the process may be almost immediate or 
take a long time. Second, the tubular urine contains much urea which 
could act as a supply for reabsorption and secondary return apart from 
urea in the fiuid which is actually being filtered during the time of the 
experiment, or urea which is present in tubular epithelium. 

According to a "secretion” theory the secondary return of urea which 
has been directly absorbed earlier would indicate that the high-level 
equilibrium between tubular epithelium and blood, reached within a few 
seconds after the injection, has become disturbed by the fall in the blood 
urea. This explanation of a period of readjustment is the same as that 
suggested earlier to account for the lower ratios in long sample experi¬ 
ments that continue about a minute. The question immediately arises— 
why should a secreting epithelium regain its equilibrium by returning 
urea to the blood instead of by secreting the urea into the tubular lumen? 
This objection is not as serious as it appears on first glance. In these 
experiments the kidney receives a sudden large dose of urea; excretion 
certainly begins fairly quickly, and probably not many minutes will pass 
before the tubular urine contains about its maximum percentage of urea. 
As a result, the secretion of urea is presumably partially inhibited, and 
the tubular epithelium, overloaded with urea, finds relief by secondary 
return as well as by what secretion it still remains capable of. 

It must of course be understood that the occurrence of a negative 
renal extraction ratio for urea does not imply that the kidney is not 
excreting urea at the time. The processes of secretion and secondary 
return are not mutually exclusive; they may quite well occur simul¬ 
taneously. 

The renal extraction ratios which are low but stiU positive come into 
the same theoretical discussion; they include most of the urea experi¬ 
ments and all of the creatinine experiments at the time of the dip in 
the curves. According to a "filtration” theory, the renal extraction ratio 
indicates the combined effect of the filtration and of the secondary return 
of reabsorbed substance; according to a "secretion” theory it indicates 
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the halance between direct absorption and any secondary return which 
may occur. The two postulated activities partially counterbalance each 
other at the ''dip'’ period, and the result is either a low renal extraction 
ratio or sometimes even a negative one according to whether the balance 
is a little net filtration or direct absorption or a net secondary return. 

Why then is the dip in the urea curve so much longer than that in 
the creatinine curve? The creatinine in the blood falls more rapidly than 
urea between 3 and 50 min.; according to a "secretion” theory this 
should lead to greater disturbance of equilibrium between the creatinine 
content of the tubular epithelium and that of the blood than in the case 
of urea. The chief diABiculty in answering the question lies in the complete 
absence of knowledge as to what are the maximum possible percentages 
of urea and of creatinine in the urine in the different parts of the tubules. 
It is thus not possible to discuss the relative difficulty in the secretion 
of the two substances by the tubular epithelium. 

Genebal. 

If the results are explained on the basis of a pure "filtration” theory, 
the plasma renal extraction ratios represent the minimum amount of 
filtration that occurs. Should any secondary return occur, the amount 
of filtration must of course be higher. The plasma renal extraction ratios 
for small quantities of creatinine 1 or 2 hours after the injection are 
about 40 p.c.; those for urea are about 15 p.c. These figures agree quite 
well with the relative levels of the plasma clearances found by other 
investigators [Rehberg, 1926; Cope, 1931; Jolliffe and Smith, 1931]. 

On the view that creatinine is not directly absorbed from the blood 
the results would indicate that about 40 p.c. of the plasma is filtered 
off in the glomeruli and that two-thirds of the filtered urea is reabsorbed 
and secondarily returned to the blood. The lower ratios in many experi¬ 
ments with creatinine require the assumption either that this substance 
can sometimes be reabsorbed or that the filtration of plasma in these 
cases was below 40 p.c. The plasma renal extraction ratios for urea 
during the first minute after its injection are sometimes as high as 50 p.c.; 
this requires either that some urea is directly absorbed or that the 
filtration of plasma was as much as 50 p.c. 

On the other hand, if direct absorption of urea or creatinine does 
occur, all the results can be explained by this process alone. If direct 
absorption be responsible for only part of the elimination of these sub¬ 
stances from the blood, some lower amount of filtration than 40 p.c. 
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may be postulated, and tbe higher ratios are then a measure of the amount 
of direct absorption. 

From the experimental results it is not possible to adduce SlUJ single 
fact in absolute proof or disproof of either the ^‘filtration’' or the ‘‘secre¬ 
tion’’ theory of renal function. A plasma renal extraction ratio of 5 p.c., 
such as occurs in some of the urea experiments, is certainly low enough 
to be explained on a simple '^filtration” theory. On the other hand, a 
ratio of 100 p.c., such as is found with certain dyes, is obviously too high 
to be explained in this way. The ratio must at some level between these 
two extremes become too high to be accounted for by "filtration” alone; 
at what point remains an unsolved problem. Although the filtration of 
half the plasma in the glomeruli as suggested by some of the urea long 
sample experiments is certainly rather high, it is not in any way im¬ 
possible on theoretical grounds. Ekehorn [1931] considers it probable 
that 25-30 p.c. of the blood passing through the glomerular tufts is 
filtered off; these figures correspond to about half the plasma. 

APPENDIX. 

CONSIDEBATION OF EXPERIMENTAL TECHNIQUE. 

Long sample experiment. 

The methods of obviating significant errors require brief considera¬ 
tion. The criteria to be given of a satisfactory experiment are necessarily 
set at arbitrary levels, but they are sufficiently stringent to reduce the 
possible errors to unimportant proportions. For purposes of clarity, 
creatinine alone is discussed below. Except where specific differences are 
pointed out it is to be understood that the discussion applies equally 
to urea. 

Endogenous creatinine and urea. 

The renal vein blood contains, in addition to the injected creatinine, 
a certain amount of endogenous creatinine. This source of error is negligible 
if the amount of creatinine injected be large; e.g. about 100 times the 
amount normally in the animal’s whole blood volume. The actual amount 
of creatinine injected was always over 100 mg. per kg. of body weight. 

An allowance is, however, required for the endogenous creatinine con¬ 
tained in the renal parenchyma and in the urine in the kidney. This 
amount is relatively not very large because of the diuretic action of the 
urethane, and also because most of the urine in the renal pelvis escapes 
when the kidney is taken out of the body and while the perirenal fat 



404 


W, IF. KAY AND H, L, SHEEHAN. 


is being removed from it. The necessary correction for the endogenous 
renal creatinine was found from a series of control experiments on 
ansesthetised animals which received no injection of creatinine. In order 
that the correction might be relatively small, the amount of creatinine 
injected in the long sample experiment was so adjusted that the amount 
taken up by the kidney was at least three times as much as the average 
amount in the kidney before experiment. For this purpose the amount 
injected had to be over 300 times as much as the amount in the kidney 
before experiment. 

It will be seen from Table XVII that the allowance for endogenous 
creatinine in a kidney at the beginning of a long sample experiment may 
be taken as 0-4 mg. In order that this should not be of too much im¬ 
portance the amount of injected creatinine taken up by the kidney 
during the experiment should be over 1*2 mg.; the total amount of 
creatinine injected should therefore be at least 120 mg. 

Table XVII, Amounts of creatinine and urea in the kidneys of control rabbits killed 
half an hour after ansesthetization with intravenous urethane. 


Creatinine (mg.) in 


Rabbit 

Left kidney 

Right kidney 

11 

0*19 

0*17 

12 

Xot estimated 

0-18 

13 

55 

0-19 

14 

0-22 

0-21 

15 

0-26 

0-21 

16 

0-24 

0-28 

17 

0-56 

0-53 

18 

0'65 

0-56 


Mean creatinine per kidney 0*32 mg. 


Urea (mg.) in 

_A._ 


J 1 

Left kidney 

5-9 

Right kidney 
Not estimated 

J2 

7*8 

6-9 

J3 

8*7 

9-8 

J4 

9*4 

Not estimated 

Jo 

IM 

104 


Mean urea per kidney 8-8 mg. 


Similarly in the case of urea, as shown in Table XVII, the mean 
amount of endogenous urea in the kidney is 8*8 mg.; the amount of 
injected urea taken up by the kidney during the experiment should 
therefore be over 24 mg.; the total amount to be injected is thus at 
least 2400 mg. 
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Injected creatinine and urea. 

(1) To ensure tliat tlie wave of high, creatinine content in the blood 
had passed through the kidney to the renal vein, the following con¬ 
ditions were observed. 

(а) The renal vein blood should be collected for more than 25 sec. 
after the beginning of the injection into the ear vein, and for more than 
10 sec. after the end of that injection. 

(б) At least 5 c.c. of blood should be collected from the renal vein 
subsequent to 10 sec. after the beginning of the injection. 

In the case of urea, in view of the unevenness of the circulation rates, 
it is more important than ever that the total renal blood flow should 
be sufficient for the peak of the urea content of the blood to have passed 
through the kidney to the renal vein. The peak is longer and lower owing 
to the length of the injection. Therefore, in addition to the ordinary 
criteria of long sample experiments, a further standard has been set up; 
the blood collected after the end of the injection of urea must be at 
least 2*5 c.c. 

(c) The renal circulation rate should be over 0*75 c.c. per g. per min. 

(d) The amount of creatinine reaching the operated kidney via the 
renal artery during the experiment should be at least 2*5 p.c. of the amount 
injected. 

(e) There should be no evidence that the blood flow to the operated 
kidney had been affected by any local reflex from the operation; for this, 
the amount of creatinine taken up by the left kidney, should preferably 
be within ± 10 p.c. of that taken up by the right kidney. The collection 
of the renal vein blood must of course be perfectly free and unobstructed. 

(2) For the present purpose the urine in the tubules was considered 
to be in the kidney proper, whereas the blood in the renal capillaries 
was not. There was some escape of blood and urine from the hilum of 
the kidney after removal and during the process of cleaning. 

(а) Haemoglobin estimations of aqueous kidney extracts showed that 
the blood remaining in the kidney was very rarely as much as 0*2 c.c. 
If this blood had the same creatinine content as the renal vein blood, 
it would raise the amount in the kidney by 1 or 2 p.c. of the observed 
amount; the effect of this on the renal extraction ratio is negligible. 

(б) It is unlikely that much of the injected creatinine which had been 
taken up by the kidney was lost from the hilum; the experiments were 
not very long, and any injected creatinine in tubular urine was probably 
not in the collecting tubules in any quantity at the end of the collection 
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of renal blood. If loss did occur it would lead to under-estimation of the 
amount of creatmine taken up by the kidney, and thus to under-estima¬ 
tion of the renal extraction ratio. 

(3) The long sample experiments can only give average values for 
the renal extraction ratio during the whole minute that the experiment 
lasts. It is quite possible that the ratio is high at 10-20 sec. after the 
beginning of the injection and then becomes smaller. It is also possible 
that, as the creatinine is rapidly disappearing from the blood, there may 
be a secondary return of creatinine from the kidney to the blood towards 
the end of the experiment. Any such secondary return is, however, not 
to be looked on as an error leading to under-estimation of the net amount 
of creatinine taken up by the kidney, but as an integral part of this net 
amount. 

Short sample experiment. 

The short sample experiment consists essentially of determining 
small differences of concentration of creatinine between the heart blood 
and renal vein blood. The differences are so small that very slight errors 
are of far more serious significance than in the long sample experiments. 
A few points thus require detailed consideration. 

Renal vein blood sample. 

(1) Creatinine is a normal constituent of blood and urine. The blood 
normally contains a small amount of ''chromogenic substance'’ [see 
Hunter, 1928] which is not creatmine. The actual amount is uncertain, 
but it is probably large enough in proportion to the normal creatmine 
content of the blood to introduce gross errors in the determination of 
the renal extraction ratio in an animal whose blood creatinine is at the 
normal level. 

To render the error due to “chromogenic substances" of no signi¬ 
ficance, and to permit of accurate estimation of the blood creatinine, it 
is necessary to raise the blood creatinine artificially, preferably to about 
twenty times the normal. 

This difficulty does not arise in the estimation of the renal extraction 
ratio for urea at its normal level. 

(2) As the differences between the creatinine contents of the heart 
blood and renal vein blood were very small, the slightest refiex inter¬ 
ference with kidney function at the time of the operation might have 
completely upset the results of any experiment. This matter is very 
important [see Addis and Shevky, 191T; Nash, 1922]. Much of the 
older work, and even some more recent, on renal vein blood chemistry 
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lias been vitiated by sucli reflexes. The only direct information about the 
question of whether local reflex disturbance of renal function occurs in 
the operated kidney is obtained from the long sample experiments. As 
has been shown the agreement between the amounts of creatinine taken 
up by the two kidneys in those experiments suggests that no such reflex 
develops. This conclusion may, however, only be transferred to the short 
sample experiments with the greatest caution. The condition of the 
kidneys in the two types of experiment is in no way analogous. At the 
beginning of a long sample experiment the kidney contains only very 
little creatinine and is suddenly confronted with a large amount in the 
blood coming to it. Under such a strong stimulus a very gross reflex 
would presumably be required to inhibit the kidney from dealing with 
the creatinine. On the other hand, at the beginning of a short sample 
experiment some minutes after the injection of the creatinine the kidney 
contains a great deal of creatinine; the amount in the blood is steadily 
falling. In these short sample experiments the balance between the 
amount of creatinine in the kidney and that in the blood may be fairly 
delicately adjusted; if so, a slight reflex disturbance from the operation 
might upset the balance. The evidence from the long sample experiments 
cannot therefore be accepted as a definite indication that disturbances 
of renal function do not occur as a reflex from the operation. 

A further point, however, requires consideration. If, owing to the 
operation, local n'^j^exes develop, they wiU probably be multiple in type; 
i.e. disturbance of renal function will probably be associated with dis¬ 
turbance of renal circulation, though both may be independent reflexes. 
Such vasomotor alterations may be expected to be constrictor, from the 
known facts about the influence of grosser operative interference on the 
deposition of dyes in the kidney. Thus a slowing down of the renal blood 
flow during the operation is possibly an indication of reflex disturbance 
of renal function. A slight slowing down was, however, only seen three 
times in the present series of experiments and the renal extraction ratios 
were not abnormal in these cases. Further, the evidence of the long 
sample experiment shows that the present method of collecting blood 
from the renal vein does not produce any significant difference between 
the blood flow to the two kidneys. 

It therefore appears highly probable that no special local reflexes 
occurred in the operated kidney, either vascular or functional. Never¬ 
theless, in order to reduce the possibility of any such reflex developing, 
the collection of renal vein blood was made as short as possible. Certain 
criteria of a ^'satisfactory” experiment were adopted, as in the long 
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sample experiment. The exact figures are somewhat arbitrary but in 
practice give a reasonable dividing line between short sample experi¬ 
ments which were really short and those which were unsatisfactorily 
prolonged; most experiments either fulfilled the required conditions 
easily, or failed even to approach them. 

(a) The 3 c.c. of blood required for creatinine estimations must be 
collected within 30 sec.; the 5 c.c. of blood for urea estimations within 
40 sec. 

(b) The renal circulation rate must be over 0*75 c.c. per g. per min. 

(3) Certain of the experimental results raise the question as to whether 

too forcible aspiration of renal vein blood might lower the pressure in 
the renal venules so much as to produce pyelo-venous back flow [Hinman 
and Lee-Brown, 1924]. This does not appear possible. If the suction 
is too great the wall of the renal vein is drawn down, as a valve on the 
bevel of the needle point; it is thus impossible to produce a negative 
pressure in the renal venules. Further, accidental pyelo-venous back 
flow would lead to widely varying and inexplicable results, whereas the 
variations in the actual experiments were related to methodical and 
ascertainable factors. This problem can thus not be considered as of any 
significance. 

Heart blood sample. 

The application of a correction to the heart blo'-^^i sample to allow 
for the disappearance of creatinine from the heart blood during the 
experiment is a matter more of theoretical than of practical importance. 
In the case of dyes where the short sample experiments were performed 
within a few seconds after the injection this correction was of great 
significance. In the present experiments it is only in the experiments 
performed within a few minutes after the injectiou that it is large enough 
to require consideration. 

It is required to know the creatinine content of that blood which 
was in the heart about 3 sec. before the mid-point of the collection of 
the renal vein sample, 3 sec. being approximately the time of circulation 
of the blood from the heart to the renal vein. The heart blood sample is 
actually obtained at some time later, usually from 8 to 24 sec. after the 
mid-point of the collection of the renal vein sample. The amount of the 
correction depends on two numerical factors: {a) the interval elapsing 
between the collection of the two samples of blood; this was measured 
in the experiment, and {&) the rate of disappearance of the creatinine 
from the heart blood at the time of the experiment. This rate can be 
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ascertained by comparing tbe amounts of creatinine in the heart bloods 
of a large number of rabbits at known intervals after the intravenous 
injection of a standard amount of creatinine, and estimating from this 
the average rate at which the creatinine disappeared from the blood in 
the whole series of rabbits. This average rate corresponds to what was 
found by making in a few individual rabbits two measurements of the 
creatinine content of the blood with an interval of several minutes. The 
method described above is necessary to determine the rate of disap- 



Fig. 8. Rate of disappearance of creatinine from blood. 

pearance, as a large series of determinations at very short intervals of 
the creatinine content of the blood of a single rabbit is unsatisfactory. 
It was shown [Sheehan, 1931] that this procedure produces a quite 
abnormal rate of disappearance of substances from the blood. 

The rate of disappearance of injected creatinine from the general 
blood stream is illustrated in Fig. 8. The points indicate the amount of 
creatinine per 100 c.c. heart blood of individual rabbits operated on at 
different intervals after the intravenous injection of creatinine. Most of 
the animals had received only 200-500 mg. of creatinine per kg., but 
the figures have been calculated to a standard dosage of 1000 mg. per kg. 
so that Figs. 8 and 9 may be comparable. There is no significant difference 
between the rates of disappearance of the creatinine from the blood after 
the small or the large dosage. In only five animals was the creatinine 
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in tlie lieart blood less than 25 mg. per 100 c.c.; the pre-existent creatinine 
in the blood is thus relatively so small as to require no allowance in 
calculations. 

An animal which has 100 c.c. of blood weighs about l“5~-2kg.; on 
a dosage of 1000 mg. per kg. it would therefore receive 1500-2000 mg. 
creatinine into its 100 c.c. of blood. The initial level of the creatinine 
in the blood immediately after the injection would theoretically be about 
2000 mg. per 100 c.c. On extending the area of the graph to include this 
it will be seen that the creatinine disappears from the blood in two chief 
phases; rapidly during the first 2 or 3 min., and slowly after this time. 



Fig. 9. Bate of disappearance of urea from blood. 

In the case of urea various doses were injected. The adjustment of 
the blood ureas to what they would have been after the injection of a 
standard dose is interfered with by the need for a correction for urea 
pre-existent in the blood- This was not measured in the present experi¬ 
ments. In an earlier series of experiments it lay between 16 and 47 mg. 
per 100 c.c.; this range is too wide to allow of an average figure being 
adopted, in view of the relatively large size of the correction in cases 
where only small amounts of urea were injected. 

In order to avoid the mathematical multiplication of figures, with 
the associated multiplication of correction errors, the points given in 
Mg. 9 are taken only from experiments where 1000 mg. of urea were 
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injected per kg., except for the figures at 1 min. Here the amount 
injected was from 1250 to 2500 mg. per kg.: the figures are so high that 
no correction is required, and the calculation to standard dosage is a 
division. 

The blood urea at the end of the injection is probably about 1500- 
2000 mg. per 100 c.c. It will be seen that, like creatinine, there is a very 
rapid fall in the graph during the first 2 or 3 min. (probably due to the 
passage of urea into various tissues of the body) and subsequently a very 
slow fall (probably related to excretion). 

It is difiicult to estimate with any degree of accuracy the rate at 
which the urea and creatinine disappear from the blood during the first 
10 min.; the following figures are only rough approximations. 

Rate of disappearance. 



Percentage of actual amount in blood 

Time after injection 

disappearing from blood per min. 

of creatinine or urea 

1 - ^ - 

- ^ 

min. 

Creatinine 

Urea 

3 

15 

5 

7 

4 

1 

10 

3 

0-5 


In the majority of the experiments during the first 10 min. after 
injection, the intervals between the mid-points of the collections of renal 
vein and heart blood samples were from 6 to 11 sec. Most of the cor¬ 
rections of the heart blood figures are thus calculated from only 1/10 
to 1/6 of the above rates of disappearance. The effect of the corrections 
on the renal extraction ratios is not to raise any of them by more than 
1 p.c. except in one single case, rabbit C 1, where the correction raises 
the renal extraction ratio by 6 p.c. The corrections other than C 1 have 
been ignored as negligible. 

The effect of urea on peritoneal absorption. 

In four of the urea experiments an attempt was made to stimulate 
the renal function by giving an intraperitoneal injection of 50 c.c. of 
physiologically normal saline about an hour before the operation, but 
after the intravenous injection of the urea. A rather unexpected result 
was, however, obtained; the saline was imperfectly absorbed from the 
peritoneal cavity in the animals with artificially raised blood ureas. The 
normal rabbit can remove 50 c.c. of saline completely from its peritoneal 
camty within a few minutes, but in these animals the peritoneal cavities 
contained much free fluid half an hour to an hour after the injection of 
the saline. The free fluid was not accurately measured, but certainly 
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represented tlie greater part of the saline injected. The renal extraction 
ratios were quite normal in all these experiments, and the results have 
been recorded in the same table as those from animals which received 
no saline. The only recognizable effect of the intraperitoneal injection 
was that the operation w-as slightly impeded, as it was necessary to swab 
the free fluid out of the left renal pouch before needling the vein. 


CHEMICAL METHODS. 

Ceeatinine. 

Blood and' urine. 

The creatinine was estimated by the ordinary method of Folin and 
W u [1919]; i.e. tungstate protein-precipitations (in the case of blood) and 
alkaline picrate treatment of the filtrate for colorimetric measurement. 

The only points requiring mention are: (1) the picric acid was recrystal- 
lized from boiling benzene and answered Benedict’s test [1929] quite 
satisfactorily; (2) the creatinine content of the blood in the present 
investigations was always high—^usually from 25 to 200 mg. per 100 c.c. 

The method of estimation gives reasonably constant though rather 
low results. Estimations of creatinine added to blood in quantities 
varying from 10 to 200 mg. per 100 c.c. were between 93 and 94 p.c. of 
the actual at all levels. 

Colorimetric readings are very easy at these high levels; an accuracy 
of ± 1 p.c. is not difficult even with the standard differing widely in 
strength ixom the solution under examination. In all the short sample 
experiments the renal vein blood was read directly against the heart 
blood as well as both against a standard; the results always showed close 
agreement. 

Kidneys. 

The creatinine was estimated in aqueous extracts of the kidneys, 
made by grinding up the kidney to a thin cream and extracting with 
about twelve volumes of water for 2 hours in the cold. The suspension 
was precipitated with tungstic acid in the same way as the diluted blood 
of the ordinary blood method. On addition of the alkaline picrate to 
the filtrate there was a sudden development of a greenish tinge, but this 
was very transient and had no influence whatever on the subsequent 
colorimetric readings. 

Creatinine added to the original kidney paste was estimated sub- 
sequently to about 94-95 p.c. of the actual over a range of from 1 to 
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20 mg. per kidney, Wlien tke aqueous extraction was performed witli 
boiling water only about 91 p.c. could be found in tbe filtrate. 

All tbe figures for tlie creatinine in kidney and blood given in this 
paper are tkus only about 94 p.c. of the true amounts: no correction 
has been made for this error, as it is constant throughout and does not 
effect any of the renal extraction ratios at all. 


Urea. 

Blood, 

The method employed will not be gone into in great detail here, as 
it is to form the subject of another communication. It is a modification 
of Marsh albs urease method in which the sources of error have been 
eliminated to a very considerable extent. It estimates only 94-96 p.c. 
of the absolute amount of urea, but the relative accuracy is quite good. 
Paired estimations, each on 2 c.c. of blood, were conducted on every 
blood sample, and in over three-quarters of the cases agreed to within 
0*3 mg. per 100 c.c. As the blood ureas in the present work varied from 
48 to 326 mg. per 100 c.c., and were usually between 100 and 200 mg. 
per 100 c.c., this agreement may be considered satisfactory. The results 
of three short sample experiments have been discarded as the agreement 
between pairs in one or other sample was unsatisfactory; in these cases 
the renal extraction ratio calculated from the lower renal vein blood 
determination and the higher heart blood figure was over 2 p.c. more 
than the ratio calculated from the higher renal vein figure and the lower 
heart figure. In the great maj ority of the experiments recorded, any slight 
differences in agreement between pairs were insufidcient to affect the 
renal extraction ratio at all. 

In the short sample experiments the renal vein and heart bloods were 
always set up in the same battery of apparatus for the estimation of urea, 
and the treatment of them was thus identical. Relatively to each other 
the figures are therefore reliable. 

Kidneys. 

The urea in the kidneys was estimated by the method of Marshall 
and Davis [1914]. Each kidney was extracted with 100 c.c. boiling 
alcohol, 2 c.c. of the solution thus obtained were evaporated to dryness 
in the reaction tube of the blood urea apparatus, the dry residue was 
redissolved in buffer phosphate solution in the tube, and the estimation 
ontinued as for blood urea. The method appears to give almost complete 
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extraction. As in the case of blood, only about 94-96 p.c. of the urea 
extracted is estimated in the subsequent chemical analysis, but this error 
is not of significance as it affects all estimations (both of blood and kidney) 
equally and so does not influence the renal extraction ratios at all. 


SmiMARY. 

1. After the intravenous injection of creatinine or urea into rabbits^ 
comparisons have been made of the amounts of these substances reaching 
the kidney in the arterial blood and leaving it in the venous blood. The 
experiments were performed at various times, from a few seconds to 
3-|- hours after the injection, and at varpng concentrations of the sub¬ 
stances in the blood from about 20 to 200 mg. per 100 c.c. The percentage 
of the substance taken up by the kidney from the plasma passing through 
it is termed here the plasma renal extraction ratio. 

2. During the first minute after the injection the mean plasma renal 
extraction ratio for creatinine is 31 p.c.; for urea it is 40 p.c. 

3. During the next 20 min. the ratio for creatinine averages 19 p.c.; 
for urea it averages 2 p.c., and is sometimes negative. 

4. Later than 50 min. after the injection the mean ratio for creatinine 
at low plasma concentrations is 38 p.c.; that for urea at low plasma 
concentrations is 15 p.c. 

5. With increasing concentration of either substance in the plasma, 
a diminishing proportion is removed by the kidney from the blood. It 
appears probable that the absolute amount of these substances that the 
kidney can remove from the blood passing through it is limited by a 
maximum value of about 20 mg. of creatinine or 15 mg. of urea per 
100 c.c. blood. 

6. Combined experiments indicate that, when the kidney is removing 
very large amounts of creatinine from the blood, it removes little or no 
urea from the blood. When it is removing fairly large amounts of urea 
from the blood it can, however, still remove its normal amount of 
creatinine from the blood. 

7. To explain all the results by a pure ‘'filtration’’ theory, it is 
necessary to postulate the filtration of a third to a half of the plasma in 
the glomeruli, and the reabsorption of various amounts of urea and 
creatinine by the tubular epithelium. According to a pure “secretion” 
theory, the tubular epithelium must absorb various amounts of the 
creatinine or urea in the plasma directly from the intertubular capillaries; 
under certain circumstances up to about half. Either theory, or a com- 
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bination of both, may be correct as no fundamental impossibility is 
involved in any of the above explanations. 

8. Nevertheless, it is definitely established here that under certain 
conditions a secondary return of urea from the renal parenchyma to the 
blood does occur. 
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THE CONTROL OF THE INSULIN OUTPUT 
OF THE PANCREAS. 

By TAKAO KOSAKA. 

[From the Department of Physiology and Biochemistry^ 
University College, London.) 

Although there is abnudant evidence that the output of insulin from the 
pancreas is regulated according to the rate at which sugar enters the blood, 
yet opinion is divided as to the means by which this regulation is brought 
about. Some [Corral, 1918; McCormick, Macleod and O’Brien, 1923; 
Britton, 1925; Ahlgren, 1926; Clark, 1925,1926,1927,1931; Debois, 
1930; Zunz and La Barre, 1927, 1928; La Barre, 1928, etc.] regard 
the pancreas as being under nervous control by the vagus, though they 
differ among themselves as to whether the vagi (or one of them, and, 
if so, which one) provoke or inhibit the liberation of insulin, and also as 
to whether the response is a reflex, or is due to a direct effect of raised 
blood sugar on the nerve centres. 

The alternative would be to consider the stimulus as a hormonal one, 
the pancreas directly responding to a raised arterial blood sugar by 
secretion of insulin. There is indeed evidence, e.g. that from experiments 
on denervation or transplantation of the pancreas, etc., which would 
seem unanswerably to support such a view [Banting and G air ns, 1924; 
Gayet and Guillaumie, 1927, 1928; Houssay, Lewis and Foglia, 
1929; Wulf, 1929; Colwell, 1930, etc.]. 

An obvious experiment would be that of injecting glucose solution 
into the pancreatico-duodenal artery, by which the blood sugar would be 
raised considerably in the vessels of the pancreas but relatively little 
elsewhere. Such experiments have been carried out, and positive results 
claimed, by Grafe and Meythaler [1927, 1928], but these have been 
objected to by Geiger [1927, 1928] on the ground that the solutions of 
sugar used were grossly hypertonic. Further, both Grafe and Mey¬ 
thaler and Geiger used anaesthetized animals and thus introduced a 
complication. Accordingly the experiments about to be described were 
carried out mostly on decapitated cats, thus at once eliminating all 
possibility of central vagal control and of interference by anaesthetic. 
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Methods. 

Fourteen experiments were completed. Tlie cats were fasted for 
20-45 Fours, and were then decapitated under ether by Sherrington’s 
method, or (in two experiments) anaesthetized by chloralose. Carotid 
blood samples were taken at intervals for estimation by the Hagedorn- 
Jensen method. After the jBrst or second sample the abdomen was 
opened and the arteries for infusion dissected free; this caused no 
significant change in the blood-sugar curve, which was spontaneously 
falling following the decapitational rise. The sugar solution used for 
infusion was 5 p.c. glucose in saline or tap water, except in one experi¬ 
ment where 40 p.c. glucose in water was used. The slow infusion was 
made by the use of Burn and Dale’s apparatus [1924], either into the 
pancreatico-duodenal artery, or, for control, into the portal vein or 
femoral artery. The solution was introduced into the chosen vessel by 
means of the finest hypodermic injection needle, without any ligation of 
the vessel; so that the solution mixed with the blood flowing normally 
and uninterruptedly along the vessel. The greatest care was taken to 
give uniform and accurately known rates of infusion and, in the later 
experiments, the rate of flow was regulated by an assistant with a stop¬ 
watch who gave his attention solely to this task. At the end of all the 
later experiments some Chicago blue solution was passed in by the 
needle into the pancreatico-duodenal artery in order to ascertain the 
area of its distribution. This was found to be the whole head and neck of 
the pancreas, in all about half the organ. Carotid blood-pressures were 
observed at intervals, or at beginning and end of the experiments. 

Kesults. 

Control injections into the femoral artery appeared to give the same 
results as those into the portal vein. 

As a result of the infusion of the sugar solution into the pancreatic 
vessels there was, as an immediate result in seven experiments, a rise of 
general arterial blood sugar, while in the other seven instances a slight 
fall occurred. In contrast with this, when the control injection was made 
into the portal vein or femoral artery (with only one exception), a rise 
of blood sugar always resulted. 

Following either infusion there was in all but three instances (two 
following infusions into the leg, one into the liver) a fall of blood sugar, 
but the fall which always followed infusion with the pancreas was in 
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eleven experiments steeper than that following the control infusions; in 
the remainiiig tliree no controls or observations of fall were made. 

The following protocols, one in which the infusion into the portal 
vein preceded that into the pancreas, the other in which infusion into 
the pancreas preceded the control into the femoral artery, are given by 
way of illustration. 


ExiJ. 7. 

10. iv. 33. Cat (m.), 2-7 kg., fasted 45 hr. Glucose solution, 5 p.c. 

, (in saline). 

infused into (i) liver through splenic vein, (2) pancreas through panereatico-duodenal 
artery. Ptectal temperature 36*5^ C. throughout. 

Arterial 

Blood Bate of blood- 

glucose infusion pressure 

Mn. 

Procedure 

mg./lOO c.c. 

c.c./lO min. 

mm. 

0 

Ether 

— 

— 

— 

25 

Decapitation 

— 

— 

64 

35 

— 

243 

— 

50 

Operation 

240 

— 

64 

95 

Infusion into portal vein 

209 

0 

60 

100 

225 

3 

58 

115 

Infusion stopped 

243 

3 

54 

125 

224 

— 

— 

150 

Infusion into pancreas 

215 

0 

55 

167 

39 99 

228 

3 

— 

180 

Infusion stopped 

237 

3 

45 

200 

— 

177 

— 

45 

215 

— 

155 

— 

50 


Distribution of panereatico-duodenal supply shown to include head and neck of pancreas. 


Exp. 10. 25. iv. 33. Cat (m.), 3 kg., fasted 44 hr. Infusion of glucose solution, 5 p.c. 
(in saline), made as accurately as possible in rate, by employing a small burette. Both 


infusions were made in exactly the same way at a rate of 0-025 c.c. per 5 sec., by help of 
assistant. Bectal temperature 39-5° C. throughout. 

Arterial 

Blood Bate of blood- 

glucose infusion pressure 

Min. 

Procedure 

mg./lOO c.c. c.c./lO min. 

mm. 

0 

Ether 

_ 

_ 

__ 

30 

Decapitation 

— 

— 

— 

45 

— 

251 

— 

60 

75 

Operation 

209 

— 

61 

100 

—. 

177 

_ 

_ 

135 

Infusion into pancreas 

159 

0 

_ 

145 

152 

3 

_ 

150 

Infusion stopped 

166 

3 

_ 

160 

— 

136 

_ 

_ 

170 

— 

124 

— 

_ 

185 

— 

113 

_ 

_ 

195 

Infusion into femoral artery 

108 

0 

— 

205 


141 

3 

__ 

210 

Infusion stopped 

132 

3 

_ _ 

220 

—. 

125 

_ 

_ _ 

230 

— 

no 

_ 

_ 

245 — 101 

Distribution of panereatico-duodenal artery to head and 

neck of pancreas. 

45 
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Although the blood-sugar level rose during both infusions, its extent 
in the pancreas infusion was smaller than that of the control, notwith¬ 
standing that the former was made for a longer period. The rate of increase 
during pancreas infusion was 7-3 mg./lOO c.e. in 10 min. (22 mg./lOO c.c. 
in 30 min.), whereas that in control infusion was 17-0 mg./lOO c.c. in 
10 min. (34 mg./lOO c.c. in 20 min.). 



Fig. 1. Effect on blood sugar of decapitated cat of infusion of 5 p.c. glucose (0*3 g. in all) 
during 20 min, into portal vein and of 0-45 g. during 30 min. into pancreatico-duodenal 
artery. 



Fig. 2. Effect on blood sugar of decapitated cat of infusion of 5 p.c. glucose (0*225 g.) 
during 15 min. into pancreatico-duodenal artery and then (0-225 g.) during 15 min. 
into femoral artery. 


On the contrary, the rate of fall in the blood sugar after the pancreas 
infusion was faster than that in the control, viz. 82 mg./lOO c.c. in 
85 min., as compared with 28 mg./lOO c.c. in 35 min. The results are 
shown graphically in Fig. 1. 
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During the pancreas infusion there was, during the first 10 min., a 
fall of 9 mg./lOO c.c., while in the leg infusion there was a rise of 
33 mg./lOO C.C- In the next 5 min. the blood sugar was increased slightly 
during the pancreas infusion. But the final rise of the Mood sugar in 
the pancreas infusion was very small as compared with the control. 

On the contrary, a more rapid fall in blood sugar was observed after 
the pancreas infusion than after the control, viz. 53 mg./lOO c.c. fall in 

Table I. 

Rate of rise (+) 
or fall ( -) in 
blood sugar 
per 10 min. 


Exp. 

Infusion 

Duration 

of 

infusion 

Glucose 

infused 

Rise in 
blood sugar 
produced 

immediately 

following 

infusion 

Xo. 

into 

min. 

g- 

mg./lOO c.c. 

mg./lOO c.c. 

1 

Femoral artery 

oO 

0-445 

60 

- 9 

2 

Femoral artery 

55 

0-415 

-101 

_ 


Fancreas 

60 

0-450 

- 62 

— 

3 

Femoral artery 

10 

0-15 

12 

-14 


Pancreas 

10 

0-15 

~ 29 

-18 


Femoral artery 

10 

0-10 

3 

+ 24 


Pancreas 

30 

0-325 

- 43 

— 

4 

Femoral artery 

15 

0-15 

35 

+ 31 


Pancreas 

28 

0-42 

- 59 

-13 

5 

Portal vein 

25 

0-375 

21 

-17 


Pancreas 

50 

0-60 

- 33 

-23 

6 

Portal vein 

20 

0-30 

40 

+ 3 


Pancreas 

30 

0-45 

- 12 

- 4 


Pancreas 

30 

0-50 

5 

- 9 

7 

Portal vein 

20 

0-30 

34 

-19 


Pancreas 

30 

0-45 

22 

-30 

8 

Portal vein 

25 

0-375 

44 

- 4 


Pancreas 

25 

0-375 

27 

-14 

9 

Pancreas 

30 

0-45 

- 2 

-33 


Portal vein 

30 

0-45 

65 

-12 

10 

Pancreas 

15 

0-225 

7 

-30 


Femoral artery 

15 

0-225 

24 

_ 7 

11 

Pancreas 

15 

0*225 fj 

36 

-38 


Femoral artery 

15 

0-225 

9 

-32 

12* 

Pancreas 

15 

0-225 

6 

-14 


Femoral artery 

15 

0-225 

14 

- 7 

laf 

Pancreas 

5 

0-6 

50 

-32 

Pancreas 

5 

0-6 

59 

-32 , 


Pancreas 

5 

0-6 

43 

-40 

m 

Pancreas 

15 

0-18 

- 21 

-14 

Femoral artery 

15 

0-225 

18 

0 


Pancreas 

15 

0-225 

12 

- 4 


Cbloralose. 

t GMoralosed animal. Injection of 40 p.e. glucose at rate of 0-3 c.c. per min. 
t Cat given 0-1 g. tbyroideiim siccum daily for 16 days previously. 
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35 min. following the pancreas infusion, and 31 mg./lOO c.c. fall in 35 min. 
following the control infusion. This experiment is shown graphically in 
Fig. 2. 

Table I shows in summary the rates of rise during, and of fall (or 
rise) following, the various infusions. The last column shows the fall (or 
rise) in the first 10 min. after termination of the infusion, as observed, 
or, when no sample was taken at 10 min., as calculated. 

These experiments seem not only to answer affirmatively the question 
as to whether the blood>sugar level directly affects the insnlin output 
of the pancreas, but also to answer the objection raised by Geiger to 
the work of Grafe and Meythaler. The solution here employed was 
not hypertonic, and though the fall of blood sugar following pancreatic 
infusion was less dramatic than that obtained by Graf e and Meythaler, 
it was nevertheless clearly greater than that seen after the infusion of 
either liver or leg. Since the results obtained on decapitated cats were 
similar to those obtained with those -under chloralose, it would seem that 
control from the higher centres plays no essential part in producing the 
response. This, of course, is not to say that the response is incapable of 
being modified by nervous action. Moreover, the liver itself appears to 
play no direct part in causing the effect, because the results of infusion 
into the portal vein are on the whole similar to those got by infusion into 
the femoral artery. 

One observation, for which no evident explanation suggests itself, is 
the failure in many instances of the blood sugar to rise when an infusion 
was made into the pancreatic vessels, although a similar or even a 
smaller quantity of glucose, when injected into the femoral artery or 
portal vein, caused a rise of blood-sugar level. 

Summary. 

Infusion of 5 p.c. glucose into the blood stream along the pancreatico¬ 
duodenal artery in decapitated cats, thus exposing about half the 
pancreatic tissue to a glucose concentration above the normal, is followed 
by a more rapid decline in arterial blood sugar than occurs when similar 
injections are made into the femoral artery or portal vein. It is concluded 
that the pancreas responds promptly to a high sugar content of its 
arterial blood by a liberation of insulin. 

The expenses of the investigation were in part home ont of a grant from the Govern¬ 
ment Grants Committee of the Royal Society to Rrof. C. Lovatt Evans. 

I wish to express here my sincerest thanks for this, and to Prof. C. Lovatt Evans 
for suggesting the work, and for his help and encouragement throughout. 
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THE OUTLINE METHOD FOR INVESTIGATING 
GASTRIC MOTILITY. 

By B. a. McSWINEY and W. E. SPUREELL. 

{From the Department of Physiology, the University of Leeds.) 

For tlie satisfactory study of the motility and rate of emptying of the 
stomachj it seems essential that the method used should involve the 
minimum of interference with that organ or its contents during the 
periods of observation. The ideal method should enable records to be 
taken of the intact stomach in its normal surroundings, and containing 
nothing but normal physiological contents or specific substances which 
might be under investigation. The methods in use at the present day 
possess certain inherent disadvantages as judged by this standard: by 
overcoming some of these difficulties, it is hoped that the ^"outline 
method’’ described in this paper will provide a useful addition to the 
technical procedures employed in the study of gastric motility. 

The utilization of gastric and duodenal fistulse has been a recognized 
procedure ever since the classical case of Alexis St Martin. An animal 
with a gastric fistula can, however, never be considered to possess a 
healthy stomach: great care must therefore be taken in the evaluation 
of results obtained thereby. Carlson [1912] has shown clearly that the 
hunger contractions demonstrated by Boldireff [1905] in his dogs with 
fistulae correspond in type to those observed by Carlson in old or 
debilitated animals in which the contractions were recorded by means 
of a balloon in the intact stomach. Clinically it is quite apparent that 
gastrostomies never satisfactorily replace oral feeding. 

The utilization of gastric pouches merits the same criticism. Carlson 
[1912] investigated the relationship between the movements of a Pavlov 
pouch and those of the reconstituted stomach; he found the relationship 
extremely variable and apparently dependent upon the size and con¬ 
dition of the bridge of tissue between the two parts. Robins [1923] 
could detect no correlation between the movements of a Heidenhain 
pouch and the parent stomach. Still less certain will be the conclusions 
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drawn from tlie movements of a transplanted poiick where all muscular 
and nervous connections are completely divided [Ivy and Farrell, 1925]. 

The opaque meal possesses the great advantage of utilizing the intact 
stomach in its normal surroundings. Its inherent defect lies in the neces¬ 
sity of introducing a mass of foreign material which exerts an unknown 
influence upon the motor response of the stomach. It forms an admirable 
comparative method, whereby stomachs can be contrasted in terms of 
their reaction to a standard opaque meal, and it enables a detailed study 
of contractions and emptying rates to be made under these conditions. 
The method has, however, definite limitations, as it does not permit of 
the study of the empty viscus nor the investigation of the response of 
the stomach to any particular foodstuff or substance, as the presence 
of the opaque material may conceivably modify the result obtained. 

The fractional test-meal can supply indirect information as to motility: 
the emptying time for any particular constituent of the meal can be 
determined, and the secretory curves give a measure of the time taken 
by the stomach to return to its resting state. It provides, however, no 
information as to the dimensional changes of the organ during the meal, 
unless the procedure of periodical withdrawal and return of the gastric 
contents is adopted: this seems a highly unphysiological procedure, as 
the well-recognized rapid adaptation of the stomach to variations in the 
volume of its contents would necessitate a gymnastic display quite 
foreign to the orderly procedure of the uninterrupted passage of a meal. 
The tube in the stomach is in itself a drawback owing to the great 
indi-^ndual variations in the tolerance of its presence. 

The object of the '‘outline method’’ is the provision of an animal 
in which the outline of the stomach can be rendered visible by X-rays 
without in any way interfering with the contents of the organ. A series 
of fine silver wire sutures are attached to the serous coat along the 
optical margins of the stomach; X-ray photographs are then taken, and 
the line of sutures enables the construction of an outlined diagram of 
the stomach at any phase of its activity. 

The method. 

Apart from a few preliminary trials on cats, dogs have been used 
throughout the work. Some care must be exercised in the selection of 
the animal: it should be amenable to training, and a preliminary trial 
in the X-ray room should be carried out. A medium-sized terrier with 
a broad chest and wide subcostal angle is the most suitable—the latter 
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point is of importance, as it increases the ease of access to the cardiac 
region when the sutures are being applied. After trial of several types 
of material, e.^. Michel clips and fine silver clips of various shapes, the 
most suitable medium was found to be fine silver wire of 0*17 mm. 
diameter: this can be threaded on fine cleft-palate needles and manipu¬ 
lated with the same ease as stout thread. 

The object of the method is to define the outline of the stomach 
by the application of a series of opaque sutures along the optical 
margins of the organ. The optical margins of the stomach will vary 
according to the position employed for photography and with the degree 
of filling of the organ. The first of these variations can be eliminated by 
the adoption of a standard position for photography, and we have used 
a dorso-ventral exposure of the animal standing in its normal erect 
position. For this standard exposure we have determined the anatomical 
landmarks which correspond to the optical outline of the stomach, and 
have applied our sutures accordingly. If the sutures are faithfully applied 
to the anatomical lesser and greater curvatures, it is found that the 
suture line accurately depicts the outline of the stomach for the whole 
of the lesser curvature and the pyloric half of the greater curvature. In 
the region of the body, however, it is found that the line of sutures falls 
well within the borders of the fundic shadow, so that in this region the 
anatomical and optical curvatures do not coincide. Dogs with sutures 
applied along the anatomical curvatures always showed a marked optical 
defect in the region of the fundus (Figs. 1, 2), and it was necessary to 
modify the disposition of the sutures in this region in order to perfect 
the optical outline. In actual fact, the anatomical greater curvature 
passes on to the dorsal aspect of the fundus of the stomach, and the 
optical margin must therefore lie anterior to the anatomical boundary. 
The following procedure has been adopted for the satisfactory definition 
of the optical greater curvature: starting at the pylorus, the anatomical 
greater curvature is followed until the lower pole of the spleen is reached, 
and from this point the suture line is made to diverge from the anatomical 
curvature, the sutures being inserted along the anterior surface of the 
stomach till they reach a point f in. internal to the line of reflection 
of the gastro-splenic ligament at the level of the upper pole of the spleen. 
At this point the suture line stops, for experience has shovm that it is 
quite unnecessary to attempt to outline the fundic cap, the shadow of 
which is always clearly visible owing to its contents. It should be noted 
that the sutures are appHed under ether ansasthesia; in this condition 
the stomach is generally very atonic, and thus gives a wrong impression 

29—2 
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Fig. 1. Fasting stomach of Bog G 5. 0 Sutures on lesser curvature, x Sutures on greater 
curvature. In this dog, the sutures had been placed along the anatomical curvature; 
hence the marked defect in the outline of the fundus as shown by the dotted line. 
The continuous outline of the fundus was obtained from the shadow of the fundic 
contents. 



Fig. 2. Fasting stomach of Bog G 6. Tubular stomach suggesting poor tone. 0 Sutures 
on lesser curvature, x Sutures on greater curvature. These sutures were applied 
to the anatomical curvature giving similar defect as Fig. 1. 
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as to the width of the gap between the end of the suture line and the 
cardia. When the animal recovers and the fasting stomach is X-rayed, 
one is surprised to find how closely the suture line approaches to the 
cardia (Fig. 6). 

Technique. 

Under ether anaesthesia, the abdomen is opened through a left para¬ 
median incision, and the stomach is picked up in sponge rubber forceps 
which allow of the necessary manipulations with the minimum of trauma. 
Starting at the cardia, a series of fine silver sutures is applied along the 
lesser curvature at the point of attachment of the anterior layer of the 
lesser omentum. When the pylorus is reached, attention is directed to 
the greater curvature, and the sutures are applied along the optical 
outline as previously described. The sutures are applied under direct 
observation, and great care is exercised to avoid vessels and nerves. 
Each suture just penetrates the serous coat, and is tied in a loose loop 
to avoid strangulation of the included tissue. The number of sutures 
employed depends upon the size of the stomach and the particular object 
of the preparation; for the general purpose of determining the whole 
gastric outline, the sutures are applied at intervals of | in., so that about 
eight are required for the lesser curvature, and about fifteen for the 
greater. The stomach is then inspected for bleeding points and loose or 
projecting pieces of wire, the abdomen is closed in layers, and a bandage 
applied. 

After the operation, the animal is returned to a cage in a warm room, 
and morphia injected to keep it quiet for the ensuing 24 hours. A fluid 
diet is given for the following 2 days, and the animal then returns to 
its own cage and a normal diet. Adopting this procedure, we have had 
no trouble with the heahng of wounds, and the animaFs appetite after 
the first days seems quite unaffected by the manipulations. 

The subsequent history of animals so treated suggests that they 
suffer no disability or discomfort from the presence of the sutures. Their 
appetites, weight and general activities are unimpaired. Of the six 
animals in which this method has been used, two are alive and well after 
intervals of 15 and 12 months respectively. Dog G 5 was killed at the 
end of 18 months, Dog G 6 at the end of 23 months, and Dog G 8 at 
the end of 4 months, in order to investigate the condition of the stomach. 
Dog G 7 died of suppurative hepatitis 2 months after the operation. 
Post-mortem examination of these stomachs showed the sutures in 
position with no evidence of any local damage to the muscle or mucosa: 
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tliere were little patches of peritoneal thickening round each piece of 
metal, but no adhesions or deformity of the stomach could be seen. 
From these observations it seems justifiable to conclude that the presence 
of these sutures in the serous coat produces no significant effect upon 
the stomach. 

Method of hecordino. 

In order that the photographic records shah be strictly comparable, 
it is essential to establish standard conditions of exposure, and for each 
animal there must be a fixed relationship between the position of the 
tube, animal and film. To ensure this uniformity of conditions, the animals 



Fig. 3. X-ray stand for dog. A. Film cassette on adjustable platform. 
B. Adjustable neck-piece. C. Moveable tail-piece. 


are taught to stand in a wooden frame which ensures an erect attitude 
without undue restriction: a centring device correlates the position of 
the tube and film relative to a fixed point on the animaFs spine. 

The frame consists of a firm rectangular wooden base with wooden 
uprights at each corner. The two front uprights are united by a slatted 
board with a curved neck-piece which can be adjusted to the height of 
the dog. On each side the uprights are connected by top-rails which 
prevent the animal lolling to one side, but allow it to stand freely in 
the erect attitude. The back of the frame is left empty to allow the 
animal to enter; when the animal is in the frame, with its head projecting 
over the neck-piece, a tail-piece is adjusted behind so that the animal is 
enclosed on all sides (Fig. 3). The frame is essential to ensure a uniform 
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posture, but its dimensions are sucb that it offers no restriction provided 
tlie animal stands erect. 

When the animal is in position, a wooden platform carrying the film 
cassette is slid into position under the dog’s abdomen—the height of this 
platform is adjustable, its setting being fixed for each dog to ensure 
uniform relationship between the animal and film. The tube is set at a 
standard height of 24 in. above the film, and by means of a plumb-bob 
it is centred over the dog and film. To aid this centring, a lead bullet 
is fixed with collodion in the middle-line of the dog’s back over the first 
lumbar vertebra, and the film cassette has two pairs of cross-wires which, 
by their intersection, outline a square centimetre over the centre of the 
film. With very little practice, the dog can be taught to stand in the frame, 
and the plumb-bob of the tube is aligned with the lead shot and wires 
in the transverse and longitudinal axis of the dog. The exposure is there¬ 
fore made under strictly standard conditions. The X-ray film shows the 
position of the cross-wires and lead shot, and if centring has been satis¬ 
factory, the shot should lie in the centre of the square over the first 
lumbar vertebra. 

Using a 30 m.a. fine focus Coolidge tube, 98 k.v., 60 m.a., exposures 
of 1/20-1/10 sec. were found sufficient. 

With this technique it is possible to make photographic studies of 
the empty stomach and to record the changes in outline during the 
passage of a meal. Tracings are taken from the films, and the gastric 
outline is constructed from the line of sutures and the fundic shadow. 

In order to obtain some simple quantitative measurement which 
would serve as an index of the size of the gastric outline, measurements 
have been made of the length of the lesser and greater curvatures. The 
length of the lesser curvature shows very little alteration for any phase 
of gastric filling, and cannot be correlated with changes occucring in the 
dimensions of the stomach (Fig. 4). The greater curvature, however, 
shows very definite alterations in length, and this measurement can be 
utilized for studying the rate of emptying of the organ. If the length 
of the greater curvature is plotted against the time intervals following 
the ingestion of a meal, a curve is obtained which shows a steady 
diminution in the length of the curvature until a stationary level is 
reached—the time at which the curve flattens out corresponds with the 
time of emptying of the stomach (Fig. 5). This method of measurement 
has been employed in all the experiments on the rate of emptying of 
meals, the curves providing a simple and rapid method of comparison. 

It nought be objected that the measurement of one selected portion 
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oi tlie gastric outline provides an unfair index of the dimensional changes 
of the organ. It must be clearly understood that no attempt is made to 
establish any quantitative relationship between the length of the greater 
curvature at any moment and the corresponding gastric volume beyond 



Fig. 4. Length of lesser curvature after 350 c.c. milk. Three similar meals on G 5. 
Note the uniformity in length at all stages after meal. 



Fig. 5. Length of greater curvature after 350 c.c. milk plus 1 g. NaCl. Three similar meals 
on G 5. Note the steady diminution in length till the curves suddenly flatten out at 
the emptying point of 3|-4 hours. 

the assumption that, in the same animal, similar values of the length 
of the greater curvature indicate approximately similar gastric dimen¬ 
sions. Inasmuch as the stomach is a muscular tube, the variations in 
the capacity of which are made mainly at the expense of the greater 
curvature, it would appear quite reasonable to use the latter measure¬ 
ment as an index of changes occurring in the former. 
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The fasting- stomach. 

Studies have been made of the gastric outlines of dogs which have 
been deprived of solid and fluid food for 24 hours. This procedure is a 
routine preliminary to all the experiments we have made. For the 
stomach under such conditions the usual term “empty’’ is a misnomer, 
as some gastric contents are invariably present: consequently, we have 
adopted the term “fasting” as being more accurately descriptive. 

The two dogs employed in the earlier observations by this method 
present very different forms of gastric outline. Dog G 5, a lively wire- 
haired terrier, has a deflnitely J-shaped stomach (Fig. 1), whereas the 
stomach of Dog G 6, a placid, lethargic Irish terrier, appears as a tubular 
structure slung transversely across the abdomen (Fig. 2). As these photo¬ 
graphs are all dorso-ventral exposures, the presence of a definite J-shape 
indicates good muscle tone, whereas the simple transverse tubular organ 
suggests a hypotonic viscus. These differences can be paralleled in the 
case of the human stomach, bearing in mind the difference in attitude 
between biped and quadruped. The long dependent Jf-shaped stomach, 
typical of hypotonia in man, corresponds with the transverse tube of 
Dog G6, whilst the “steer-horn” stomach corresponds to the J-shaped 
stomach of Dog G 5. The general outline shows clearly that the fasting 
stomach is not a sac in which the contents collect in the most dependent 
parts: it is a tube with walls in sufficient tone to maintain the resting 
contents in the fundic portion, and closely corresponds with the form 
described by Stopford [1913] for the human stomach. 

Waves of contraction. 

It has been possible to demonstrate the presence of waves of con¬ 
traction in the fasting stomach, and with experience a series of exposures 
at 15-30 sec, intervals can be made with the animal remaining motionless 
in the frame. A comparison of the outlines of such a series of photo¬ 
graphs demonstrates the presence of waves of contraction, and an approxi¬ 
mate estimate of their periodicity and duration is possible. Attempts to 
modify the activity of the empty stomach by disturbing sounds or 
savoury smells produced no definite results. 

Influence of external temperature upon gastric tone. 

After numerous observations had been made on these dogs under 
uniform conditions, the dimensions of the outline of the fasting stomach 
were well estabhshed and were remarkably constant for each animal. 
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Quite suddenly it was noticed that there was a very definite increase 
in the size of the fasting stomach: this was so definite that the animal 
attendant was accused of feeding the animals during the period when 
they should have been deprived of food. In a search for the cause of 
this sudden alteration, it was noted that the change coincided with the 
installation of thermostatically controlled electric radiators in the 
animal house. Previously the rooms were heated by hot water pipes, 
and during the winter the animals were subjected to considerable fluctua¬ 
tions between day and night temperature. As soon as the heating was 
stabilized, the animals became more peaceful, and at the same time the 
dimensions of their fasting stomachs increased. In order to test the con¬ 
nection between the two phenomena, the electric heating was discon¬ 
tinued, and it was found that when the minimum nocturnal temperature 
fell to about 45*^ F,, the original small stomach was obtained. The change 
to the uniform electrical heating produced a 17 p.c. increase in the length 
of the greater curvature of Dog G 5, and an increase of 23 p.c. in Dog G 6. 
This variation in the dimensions of the fasting stomach suggests an 
alteration of gastric tone as part of the reaction of the animal to fluctua¬ 
tions in external temperature. 

The passage of a meal through the stomach. 

As a basis for comparing the rate of emptying of various foodstuffs, 
a meal of skim milk has been used as a standard, and the emptying time 
determined for each dog. The volume of the meal is adjusted to the size 
of the animal—small dogs receiving 250-350 c.c., large dogs, 500 c.c. 
The milk is given slightly warmed, and the animal drinks it readily. 
Skim milk has been chosen as being practically fat-free, isotonic with 
blood and readily taken by the animals. The routine procedure adopted 
is as follows. The animal is deprived of food for 24 hours, a photograph 
of the fasting stomach is taken, and then the meal is given. A photo¬ 
graph of the full stomach is taken and repeated at intervals of an hour 
until the stomach approaches its fasting dimensions, when the exposures 
are made at intervals of half an hour. When two consecutive photographs 
show that the stomach has reached its stationary fasting level, the meal 
has left the stomach. 

A comparison of the outline and distribution of sutures in the fasting 
and full stomach shows very clearly that the main increase in gastric 
capacity is made at the expense of the greater curvature of the stomach, 
particularly in the fundus and proximal part of the body. In the fasting 




Fig. 6. Fasting stomach of Dog G 9. Eight sutures on lesser curvature, thirteen sutures 
on greater curvature. These sutures were applied to the “optical” curvatures (see 
text) with consequent improvement in outline. 



Fig. 7. Stomach of Dog G 9 1 hour after milk meal. Eight sutures on lesser curvature, 
thirteen sutures on greater curvature. IsTote the increase in interval between the 
cardiac sutures of each curvature. 
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stomacli the top suture on the greater curvature lies very close to the 
cardiac suture on the lesser curvature (Fig. 6): in the full stomach the 
interval between these two sutures is very much increased, as is also the 
interval between individual sutures on the proximal half of the greater 
curvature (Fig. 7). As the lesser curvature appears to vary very little, 
this alteration in the relative position of the sutures must indicate a 
marked change in the dimensions of the fundic portion of the greater 
curvature. This finding is in keeping with the morphological difference 
between the two portions of the stomach. The lesser curvature is related 
to the primitive digestive tube, which persists as such in ruminants and 
kangaroos, and appears to be associated with the conduction of fluid. 
Accordingly, it is not surprising to find no great variations in the linear 
dimensions of the lesser curvature, as it is concerned with conduction 
and not storage. The greater curvature represents the outline of the 
c^cum-like diverticulum developed from this primitive digestive tube 
for the purpose of accommodating food; as such, it must be capable of 
adaptation to alterations in the volume of its contents and, according 
to the degree of filling, variations in the dimensions of its outline are to 
be expected. 

It is realized that an alteration of the gastric axis could, in itself, 
alter the apparent relationship of the sutures as seen in the one plane of 
vision employed. Although such an alteration may take place, we do 
not think it is responsible for any very marked change in gastric outline, 
as the dimensions of the lesser curvature remain so constant and it is 
very unlikely that such an axial movement could affect one curvature 
only. Furthermore, the relationship of the sutures to the actual 
shadow of the greater curvature (which is frequently visible) remains 
constant. 

We have taken as the emptying time for any meal the period elapsing 
between the taking of the meal and the time at which the gastric dimen¬ 
sions assume a stationary level comparable to that of the fasting stomach, 
ix. the point at which the curve of greater curvature length flattens out 
(Fig. 5). This assumption of the stationary condition suggests that the 
stomach has returned to its resting state following the passage of all the 
food into the duodenum, but it is necessary to prove this before accepting 
the above as criteria of ''emptying.” To test this, a trace of barium is 
added to the standard meal so that the escape of material from the 
stomach can be directly observed—^the record of such "light” barium 
meals shows that the point of emptying of the meal does coincide with 
the assumption of a stationary level of gastric dimensions: therefore we 
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feel justified in adopting tlie above criteria as a basis for tbe comparison 
of ^'emptying times/’ 

Adopting tbis standard of measurement, repeated observations bave 
been made on tbe dogs; tbe emptying times for each animal bave been 
remarkably constant, tbougb wide variations occur between individual 
animals. 

Table I. 


Dog 

Meal 

Emptying time 
krs. 

G5 

350 c.c, skim milk 

3 

3i 

3^ 

3 

G9 

250 c.c. skim milk 



350 c.c. skim milk 

U 

4 

G6 

500 c.c. skim milk 



5 

In ordinary X-ray pictures one frequently sees shadows wbicb might 
possibly indicate the outline of tbe stomach, but, owing to the uncertainty 
of their identification, very little reliance can be placed upon them. Tbe 
presence of tbe suture-line immediately picks out those shadows related 
to the stomach, so that its outline can generally be mapped out with 
an accuracy not directly dependent upon the actual sutures—tbis fact 
serves as a very useful counter-check upon the position of the sutures, and 
vntb a bttle practice one soon learns the degree of accuracy with which 
tbe sutures have been placed in the individual dogs. 

Discussion. 

Tbe ''outline method” for gastric investigation possesses certain 
definite advantages over tbe other methods available. It provides an 
animal in which the dimensions of the stomach can easily be followed 
without in any way disturbing that organ or its contents. It is therefore 
w'ell adapted to the study of the emptying rate of the stomach for various 
foodstuffs or to the study of the influence of specific substances upon tbis 
rate. It enables one to assess the part played by the various portions 
of tbe stomach in accommodating the gastric contents and can demon¬ 
strate simultaneously segments which are filled or empty. It appears 
to be the only method available for studying the “fasting stomach” in 
its normal surroundings. 
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In use, it has proved to be a practicable method. Animals of this kind 
have been employed for over two years upon studies of the influence of 
osmotic pressure and fat content of meals. The presence of the sutures 
appears to exert no deleterious influence for periods of at least two years. 
With a little practice the photographs are easy to interpret, and the out¬ 
lines can be rapidly drawn and measured. 

The method appears capable of development in two directions. By 
a closer distribution of the sutures in any one segment of the stomach, 
a more detailed analysis of its actmty should be possible: this is par¬ 
ticularly true of the distal haK of the stomach where a strictly accurate 
outline is most easily obtained. It should also be applicable to other 
hollow viscera, such as the bladder, gall bladder, uterus and parts of the 
colon where axial rotation is not prone to occur. 

Summary. 

A method for studying the motihty of the stomach is described. 
The method consists of applying interrupted fine silver whe sutures to 
the optical margins of the stomach. X-ray photographs of the gastric 
outhne are taken at any desired phase of gastric activity. 

Variations in size and waves of contraction of the fasting stomach 
have been studied in different animals. The size has been found to be 
affected by external temperature. 

Dimensional changes of the stomach during the passage of a standard 
milk meal are described. 

One of us, W. R. Spurrell, is indebted to the Medical Research Council for a personal 
grant. 

The expenses of this investigation have been defrayed in part by a grant from the 
Government Grant Committee of the Royal Society. 
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INFLUENCE OF OSMOTIC PRESSURE UPON THE 
EMPTYING TIME OF THE STOMACH. 

By E. a. McSWINEY and W, R. SPURRELL. 

{From the Department of Physiology, the University of Leeds.) 

The influence exerted by the osmotic pressure of the gastric contents 
upon the rate of emptying of the stomach has been investigated by 
numerous workers, and while all observers are in agreement that hyper¬ 
tonic solutions lead to delay in the emptpng of the organ, considerable 
difference of opinion exists as to the effects of hypotonic solutions. These 
results have been obtained by the use of two types of experimental 
method: {a) the determination of the volume of the meal remaining in 
the stomach after an interval, (b) the measurement of the quantity 
expelled through a duodenal fistula. 

Best and Cohnheim [1910] used dogs with a gastric fistula, and 
measured the volumes of gastric contents 10 minutes after the introduc¬ 
tion of meals of various osmotic pressures. Macleod and others [1930], 
using rats, killed the animals with a blow on the head, rapidly isolated 
the stomach and intestine, and determined the proportion of meal 
present in those segments. These methods can give no data as to the total 
emptying time, and involve considerable interference with the normal 
physiological condition of the stomach. Powerful contractions of the 
stomach are frequently seen as an animal dies, and post-mortem findings 
as to the relative volume of gastric contents may be very misleading as 
a result of a few terminal gastric convulsions. 

Carnot and Chassevant [1906] and Otto [1905] measured the out¬ 
flow through duodenal fistulae: they obtained measurements of the total 
emptying time and studied the changes in the osmotic pressure of the 
escaping fluid. The modern view of the part played by duodenal absorp¬ 
tion in regulating gastric motility introduces an element of uncertainty 
into results based on such fistula methods. The position of the fistula is 
usually just below the point of entry of the bile duct, so that the area 
available for duodenal absorption is very small and the contents are 
rapidly drained away through the fistula. It may be that the rate of 
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emptying under these conditions is mainly controlled by the conditions 
existing in the stomach itself with little or no modification from the 
duodenum. 

Our attention was drawn to this question during an investigation of 
the properties of certain commercial ''meat extracts'’ which enjoy a 
reputation as "gastric stimulants.” In acute experiments upon the 
movements of the stomach, the use of these extracts had become a 
routine to ensure an active preparation. After establishing the emptying 
time for standard milk meals in dogs by the "outline method,” com¬ 
mercial "meat extract” was added to the milk with the expectation 
that it would accelerate the emptying of the stomach, but on the con¬ 
trary the meal produced marked delay. In a search for the explanation 
of this delay, our attention was drawn to the high salt content of these 
extracts, and experiments were performed to see whether the alteration 
in osmotic pressure resulting from the addition of the extract to the milk 
was in any way a contributing factor. The'' outline method ” [Mc S w i n e y 
and Spurrell, 1933] seemed very suitable for such investigations, as no 
disturbance of the normal relations of the stomach and duodenum is 
incurred. 

Method. 

Hypertonic solutions. The addition of commercial "meat extract” in 
the quantities employed altered the A of the milk meal from 0*55° 0. 
to 0*91° C. Meals of the same osmotic pressure were made up by the 
addition of hTaCl or glucose to the milk. The addition of 2 g. NaCl or 
11 g. glucose to 350 c.c. milk raised the A of the mixture to 0*9° C., and 
these meals were given to two adult dogs prepared for the "outline 
method.” Meals with an intermediate osmotic pressure were also pre¬ 
pared by the addition of 1 g. NaCl or 5*5 g. glucose to 350 c.c. meal. All 
meals were duplicated in each dog. Table I gives a typical series of 
results for Dog G 5 and Fig. 1 gives a graphic record of the corresponding 
alterations in the length of the greater curvature. 


Table I. Emptying time for meals of different osmotic pressure. 
DogGS. Meal=350 c.c. 


Meal 

Alilk 

Milk 4- glucose 
Milk 4 - NaCl 
Milk + NaCl 
Milk 4-meat extract 
Milk 4-glucose 


Depression freezing 
point of meal 
° C. 


Emptying time 
brs. 


0*55 

0*712 

0*723 

0*905 

0-913 

0-925 


3- 3| 

4- 4i 
4i 
5 

4i 
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Fig. 1, Lengths of Theater curvature after hypertonic meals: A. 350 c.c. of skim milk 
A 0*55® C. B. c.c. of skim milk 4-glucose A 0*712® C. C. 350 c.c. of skim milk 
4 -glucose A 0*925°'^C. 



Fig. 2, Lengths of greater curvature after hypotonic meals: A. 250 c.c. of skim milk 
A 0-55® C. B. 250 c.c. of dialysed milk A 0*035° 0. 


PH. LXXIX 
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Hypotonic solutions, Mlk was dialysed against tkree changes of dis¬ 
tilled water in 24 lioiirs and the A reduced to 0*035° C. Meals of 250 c.c. 
of this hypotonic fluid were given to two dogs, and the emptying time 
determined in duplicate (Fig. 2). The milk underwent a little dilution 
during dialysis, but the effect of this was checked by the control meals 
of milk diluted to an equal extent with isotonic saline. This degree of 
dilution was found to have no appreciable effect upon the emptying 
time. 

Table II. Empt 3 'ing times for hypotonic meals. 

Meal=250 c.c. 



Skim milk 

Dialysed milk 

Dog 

krs. 

hrs. 

GO 

3i-3i 

li-ii 

GIO 




Experimental results. Hypertonic solutions produce delay in emptying 
proportional to the rise of osmotic pressure employed. As iso-osmotic 
mixtures of milk and commercial ''meat extract,’’ milk and NaCl, mdk 
and glucose produce a similar degree of delay, it is clf^^r that the delay 
is not due to any particular constituent of the meals but to the common 
factor of h}q>ertonicity. Hypotonic solutions (as seen from Fig. 2) empty 
more rapidly than isotonic. 


Discussion. 

All observers have recorded a delay in the emptying of hypertonic 
solutions, and the delay is proportional to the degree of hypertonicity: 
our results agree with these findings. Miller and others [1920] found 
the same degree of delay for test meals of hjrpertonic glucose as for 
hypertonic cane sugar, but Carnot and Chassevant [1905] considered 
that meals of hypertonic glucose produced less delay than saline of the 
same osmotic pressure. According to our observations, the degree of 
delay is not appreciably affected by the nature of the material employed 
to raise the osmotic pressures. 

It is rather surprising to find relatively small changes in the osmotic 
pressure producing such marked delay. The addition of 2 g. NaCl to 
350 c.c. skim milk is not far removed from the range of ordinary culinary 
procedure, so that quite wide variations in the emptying time of standard 
meals may be expected if strict attention is not paid to the salt content. 

One is faced with considerable difiiculty in assessing what is generally 
meant by the emptying time for a meal. If the meal contains one single 
constituent, the time of its disappearance from the stomach is obviously 
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the emptying time. Meals rarely consist of a single constituent, and it is 
not justifiable to select a particular component, follow its course tlirougli 
the stomach and apply the results obtained to the whole meal, e.g. the 
emptying point of a gruel meal is not necessarily the point of disap¬ 
pearance of carbohydrate from the stomach. It would appear more 
reliable to determine the time taken for the stomach to resume its resting 
state, i.e. to determine the period of gastric activity in response to a 
meal, and it is the measurement of this quantity that we have made 
and compared by the ^‘outline method.’’ 

The dimensional changes undergone by the stomach as the result of 
a meal would appear to depend upon a balance between three factors: 

(1) Amount of material escaping into the duodenum. 

(2) The volume of material added to the gastric contents, ix. gastric 
secretion, swallowed sahva and duodenal regurgitation. 

(3) The absorption of water by the stomach. 

All observations on the rate of pyloric outflow have shown that this 
is diminished in the case of hypertonic solutions. Carnot and Chas- 
sevant [1905], Macleod and others [1930] found evidence of duodenal 
irritation as a result of the escape of such solutions, and it seems probable 
in their experiments that the pyloric mechanism w'as affected thereby. 
In addition, the presence of hypertonic fluids in the stomach gives rise 
to a copious secretion which dilutes the contents and greatly increases 
their volume, e.g. a 60 c.c. meal of meat extract in a cat will produce 
40 c.c. of secretion in an hour, and 20 p.c. glucose in the rat’s stomach 
is diluted 40-90 p.c. in 1 hour [Macleod and others, 1930]. The amount 
of water absorbed by the gastric mucosa is influenced by the osmotic 
pressure of the gastric contents, and hypertonic solutions will tend to 
diminish this process. Thus, aU three factors will unite in maintaining 
the volume of the gastric contents and so producing a delay in emptying. 

In respect of hypotonic solutions, Carnot and Chassevant [1905] 
state that they escape through the pylorus slightly more slowly than 
isotonic, though they give no details of measurement. Otto [1905] 
also makes the same statement, but graphs constructed from his protocols 
give exactly the same emptying time for iso- and hypotonic solutions. 
Best and Cohnheim [1910] found that the residual volume of gastric 
contents 10 min. after a meal varied very little for iso- and h 3 ^otonic 
solutions. 

In rats, Macleod and others [1930] found that, following the inges¬ 
tion of hypotonic glucose solutions, the volume of the gastric contents 
rapidly diminished, although the glucose concentration remained almost 

30—2 



442 


B. A. McSWINEY AND W. E, SPUERELL, 


unaltered. This finding points to a rapid rate of pyloric outflow with 
little or no dilution of tlie gastric contents by secretion. Our experi¬ 
ments on dogs also show a rapid diminution in the volume of the gastric 
contents. It is probable that the failure of Carnot and Chassevant 
[1905] and Otto [1905] to demonstrate more rapid pyloric escape with 
hypotonic solutions may be associated with the use of duodenal fistulae: 
in all experiments where the intact gastro-intestinal tract was employed, 
rapid emptying of hypotonic solutions was recorded. If absorption of 
water plays any part in the shrinkage in volume of the gastric contents, 
its effect should be more marked in the case of hypotonic solutions. 

From the above considerations, it appears probable that the rapid 
resumption of the resting dimensions of the stomach following a hypo¬ 
tonic meal depends upon a rapid rate of pyloric outflow, little or no 
secretion of a diluting fluid and the tendency for an increase in the 
absorption of water by the gastric mucosa. 

Summary. 

1. The emptying time of the stomach for hypertonic and hypotonic 
meals has been determined by the ‘‘^outline method.’’ 

2. Hypertonic meals produce delay in proportion to the degree of 
hypertonicity. 

5. Hypotonic meals leave the stomach more rapidly than isotonic 
meals. 

One of us, W, R. S purr ell, is indebted to the Medical Research Council for a personal 
grant. 

The expenses of this investigation have been defrayed in part by a grant from the 
Government Grant Committee of the Royal Society. 
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BLOOD LACTIC ACID IN MAN DURING REST. 

By LESLIE COLIN COOK and RICHARD HENRY HURSTL 

{From the Central Pathological Laboratory of 
the London County Mental Hospitals.) 

The problems connected with, lactic acid production in the animal body 
have been extensively investigated by previous authors, but the obvious 
difficulties encountered in working with the intact organism have rendered 
the solution to some of these still a matter of speculation. When, for 
instance, the organism is subjected to a severe stress, the presence of 
lactic acid in the circulating blood can be readily understood, but its 
constant presence in small concentration, even during complete bodily 
rest, is less easy of interpretation. No satisfactory explanation has, in 
fact, yet been given either for the origin of blood lactic acid in the resting 
state or for the wide variations in its concentration. The existence of 
some muscular activity during bodily rest has led most authors to 
attribute the blood lactic acid to this source. In this paper, however, 
an attempt will be made to show that muscular activity can have httle 
influence in this connection and that conversion of blood sugar (glyco¬ 
lysis) is the most probable source of this lactic acid. The wide variations 
in the resting levels of blood lactic acid will then be explained as one 
of the factors through which the organism endeavours to maintain a 
constant blood pH. 

Expeeimental. 

In some of the experiments blood was taken from one of the superficial 
veins of the arm after initial compression, either manual or by tourniquet, 
which was released as soon as the needle was in the vein. The subjects 
were normal young adult males. In other experiments the femoral 
artery, femoral vein and jugular bulb were punctured, no compression 
being used. The subjects of these experiments are described in the text. 
The blood was collected into a small amount (approx. 0*03 g. per 15 c.c. 

^ Maudsley Eellow, 
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blood) of E Y a n s’s 9: 1 mixture of potassium oxalate and sodium fluoride^ 
part of wHcli was placed in tlie receiver and a smaller part on tlie barrel 
of tbe syringe. After thorough mixing the specimens were placed in a 
refrigerator or a portable ice-box. 

Eeproteinization was carried out by the Folin-Wu tungstate- 
sulphuric acid method. Actually 2 c.c. of whole blood were pipetted 
into a large centrifuge tube containing 14 c.c. of distilled water and 2 c.c. 
of 2l$N sulphuric acid; 2 c.c. of sodium tungstate were then added and 
the contents well shaken before being centrifuged. The customary method 
is then to remove sugar by treatment with copper sulphate and lime. It 
was foundj however, that this was an unnecessary procedure, since by 
the Friedemann method of lactic acid determination the amount of 
bisulphite binding material formed from the small amount of glucose 
present is negligible. On the other hand, when trichloroacetic acid was 
used as deprotemizmg agent, it was usually necessary to treat the filtrate 
with copper sulphate and hme, not, presumably, to remove sugar, but 
to remove bisulphite-binding material other than lactic acid which 
remained in solution or suspension. The results recorded in Table I 
illustrate these points. 

Table I. 

Lactic acid in mg./lOO c.c. 
of whole blood 


Beproteinizing 

agent 

Material 

Filtrate treated with 
copper sulphate and lime 

. ^ 

Filtrate used 
directly 

SodiTim tungstate 

Sheep’s blood 

27-9 

27-0 

and suiphuxic acid 

29-2 

29*2 

Human blood 

12-6 

12-6 


59 55 

14-4 

14-9 


55 5? 

17-7 

17'7 

S) 

Human blood after exercise 

o4-9 

55*8 

Trichloroacetic acid 

Human blood 

12-6 

15-5 

jj 


18-7 

234 


Human blood after exercise 

544 

594 


Lactic acid was determined in 10 c.c. of the filtrate by the method 
of Friedemann, Cotonio and Shaffer, modified by Friedemann 
and Kendall [1929]. The apparatus used was that designed by Daven¬ 
port and Cotonio [1927], except that the inlet tube of the boiling flask 
was connected by means of rubber tubing to the air outside the building. 
In these circumstances the ''blank'' value obtained was constant and 
amounted to 0-15 c.c. of 0*002iV iodine solution. In all experiments at 
least two estimations were performed, the specimens being separated 
before deproteinkation. In the great majority of cases, duplicate results 
agreed to within 0-2 c.c. of 0*002 iodine solution, Le. approximately 
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2 mg./lOO c.c. of lactic acid. Any experiment in wMch duplicate results 
showed a difference in excess of this figure was ignored. Similarly, in 
comparing the lactic acid levels of blood taken under varying conditions, 
differences below 2 mg./100 c.c. were regarded as insignificant. The 
percentage recovery of added lactic acid (as zinc lactate) was between 
95 and 98. 

On some of the blood samples pH measurements were made with 
the glass electrode apparatus designed by Kerridge, the precise 
technique employed being that previously described by one of us 
[Hurst, 1932]. For this purpose the blood was collected under paraffin. 

Blood lactic acid at rest. 

The introduction of the Clausen method in 1922 gave a fresh impetus to work on 
this subject, since previously no thoroughly reliable and convenient technique had been 
known. Using this method or one of its more recent modifications, numerous investigators 
have found that the resting levels of the lactic acid of whole blood of man vary within 
wide limits. Clausen [1922] gave results varying from lo to 32 mg./lOO c.c., whilst 0 wles 
[1930], with more refined technique, obtained results varying from 7 to 18 mg./lOO c.c. 
The results of authors who used other methods for lactic acid determination are in 
close agreement and it seems clear that the normal resting levels differ by as much as 
100 p.c. 

In tbe present investigation 26 estimations on 9 normal subjects 
stowed variations between 8*4 and 16-6 mg./lOO c.c. (Table II). In 
eact experiment tte subject was in tte post-absorptive state and was 
either in bed or had rested in an arm-chair for at least half an hour. 

Table II. 


Lactic acid in mg./lOO c.c. blood 


Subject 

M. M. M. 

9*2 

A 

8*4 13*0 

12-7 

I. H. 

16-6 

12*4 14*0 

135 

E. 1 . 

14*3 

11*7 13*2 

9*0 

A. M. T. 

10-4 

9*6 10*7 

10-7 

E. J. S. 

13*3 

10*2 12-1 

— 

P. C. 

14*0 

9*0 — 

— 

J. C. B. 

10*1 

12*6 — 

— 

E. P. 

10*3 

14*6 

— 

K. C. H. 

9'2 

—. .— 



The values are lower than those of previous authors except Owles; 
a fact which suggests that they were obtained by an improved technique 
and afford a truer index of the lactic acid content of blood. Table II shows 
also that even with the same subject under apparently identical condi¬ 
tions the variations are considerable. It seems probable that these wide 
variations are due neither to experimental error nor to changes in the 
blood during or after shedding. 
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Possible factoes iNFLUENcmo blood lactic acid 

BEODUCTIOK AT BEST. 

(1) Muscular contraction. 

It is known tliat lactic acid is constantly being produced in the mnscles even during 
complete bodily repose. TMs was first shown in the case of frogs by Fletcher and 
Hopkins [1907] and amply confirmed by Meyerhof [1924] in the cases of amphibians 
and of mammals. It has usually been held that smaU amounts of the lactic acid so formed 
escape into the blood stream and that this supply constitutes the “resting” blood lactic 
acid. Against this hypothesis much evidence is accumulating. According to Hill, Long 
and Lupton [1924] the process of recovery after muscular exertion may be divided into 
two phases, the first being “nothing more than the oxidative removal of lactic acid in 
the muscles where it was formed before it has had time to escape into the blood and still 
further afield.” This would appear to be the only phase necessary in very mild exercise, 
where lactic acid removal can keep pace with its formation. The second phase occurs when 
lactic acid formation is so rapid that some of it escapes into the blood stream, to be re¬ 
synthesized in the liver and in other muscles. Until recently the view that such moderate 
exercise as walking at rates of about 3-| m.p.h. produces a definite rise in blood lactic acid 
had not been questioned. This view depended mainly upon the work of Hill, Long and 
Lupton [1924], who found that a man walking at 3-5 m.p.h. for 28 min. raised his blood 
lactic acid from. 20*9 mg. to 36-6 mg./lOO o.c., whilst the same man walking at 4*1 m.p.h. 
for 33 min, raised it from 21-4 to o8*9 mg./lOOc.c. Several other subjects were found 
by Long [1926] to give similar figures. Recent work by Owles [1930], however, has 
opened up the whole question as to the threshold at which lactic acid overfiows into the 
blood affcer muscular exercise. Owles found in the case of two subjects in good training 
that walking for approximately 30 min. at speeds up to 4| m.p.h. produced no rise in 
lactic acid in the blood taken from a superficial arm vein. At first sight these results sug¬ 
gested that, although no rise in lactic acid could he demonstrated in the blood from an 
antecubital vein, there might nevertheless be an escape of lactic acid from the leg muscles, 
hut that the amount was insufficient to show a significant rise by the time it had been 
diluted in the general circulation and had passed through the inactive muscles of the 
arm. 

In order to test the validity of Owles’s results the following experh 
ments were performed. A man of 48 (W. P. W.), who was accustomed 
to walking for about an hour every morning at a brisk pace (about 
4|- m.p.h.), was made to walk at 4 m.p.h. for 30 min. Specimens of blood 
were taken from one of the antecubital veins at rest before exercise and 
from an antecubital vein and the femoral vein immediately after the 
exercise. The experiment was done on two separate occasions with identi¬ 
cal results, which were corroborated m the case of another subject (B. T.), 
aged 55, who was accustomed to walking exercise and who walked for 
30 min. at 4|- m.p.h. In neither case was there any rise in the lactic acid 
content of blood from the femoral vein, which demonstrates clearly that 
there was no escape of lactic acid into the veins immediately draining 
the muscles mainly involved in the exercise. Further experiments with 
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the subject B, T. showed that as soon as the rate of walking was ac¬ 
celerated to a speed incompatible with comfort, a rise in blood lactic 
acid occnrred. Thus, after walking for 30 mm. at m.p.h., it rose from 
10 mg. to 23*5 mg./lOO c.c. In the case of men not used to strenuous 
walking, an increase of blood lactic acid was obtained after walking at 
lower speeds. The figures obtained in the above experiments are shown 
in Table III. 

Table III. 


Blood lactic acid in 
mg./lOO c.c. 




Arm 

Arm vein, 

Femoral 





vein, 

after 

vein, after 

Bate and period 


Subject 

Age 

resting 

exercise 

exercise 

of walking 

Remarks 

W. P.W. 

48 

16*9 . 

17*8 

16-9 

30 min. at 4 m.p.h. 

Good walker 



15-4 

15-0 

15-7 


»» 99 

B.T. 

55 

11-3 

11-8 

10-8 

30 min. at 4^ m.p.h. 

99 99 

Considerable 



10-0 

22-0 

23-5 

30 min, at SJ m.p.h. 







effort needed 







to maintain 







this pace 

M.S. 

62 

11-0 

19-5 

20-5 

20 min. at 4J m.p.h. 

Fair walker 







for age 

B. T. J. 

24 

10*5 

20-5 

21-0 

24 min. at m.p.h. 

Yery poor 


training 


It appears from these experiments that the threshold of exercise 
beyond which an increase of lactic acid appears in the blood depends 
on the ‘^fitness’’ or ''training” of the individual, a condition which is 
determined partly by the constitution of the individual, but mainly by 
accustoming the organism to exercise. Training, according to Briggs 
[1920], develops the efiB.ciency of the mechanism which supplies oxygen 
to the tissues. As Owles suggests, the power of the muscles to eliminate 
in situ the lactic acid formed during exercise probably depends upon 
the adequacy of the blood supply to them. 

In the light of the above results it is imlikely that the muscles are 
unable to eliminate in situ the relatively small amounts of lactic acid 
they produce during bodily rest. It is even more unlikely that the 
amounts produced in the same person under apparently identical con¬ 
ditions of rest should vary so much as to cause the large fluctuations 
actually found. 

Further evidence against the probability of the lactic acid content 
of the blood at rest being due to muscular activity was supplied by taking 
specimens from the femoral artery and the femoral vein at the same time. 
In no case was there any appreciable difference between the venous and 
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arterial sample (Table IV). This indicates clearly tbat tbe passage of 
blood tlirougli a large group of muscles during rest causes no significant 
cbange in its lactic acid content. 


Table IV. 

Blood lactic acid in mg./lOO c.c. 


Subject 1^0. 

r 

Femoral artery 

Femoral vein 

1 

12-6 

12'6 

2 

11-5 

13-4 

3 

16-3 

14*7 

4 

12-6 

144 

5 

11-9 

11-9 

6 

9-7 

9-0 

7 

13-0 

11-7 


The value of these observations, however, would be considerably 
diminished unless a definite rise in the lactic acid content of the femoral 
vein over that of the femoral artery could be shown in conditions where 
the leg muscles were known to be producing large amounts of lactic acid, 
for example, after vigorous exercise. At first sight this might appear to 
be an easy matter, but when it is remembered how rapidly the blood comes 
into equilibrium and how great an increase of the circulatory rate occurs 
after severe exercise, it becomes clear that at best no more than a small 
increase can be expected. 

Recovery curves after severe exercise of short duration, such as 
standing-ruiming “all out’’ for 1 min., show that the blood lactic acid 
rises rapidly for a few minutes after the exercise and then falls very 
much more slowly, regaining approximately its resting level in about an 
hour. The more severe the exercise, the longer is the period of ascent 
of the curve, the higher the maximum point and the longer the recovery 
period. The maximum, however, is always reached within 5 or 6 min. 
At this point the arterial and venous blood are in approximate equiii- 
hrium, and in order to show any excess lactic acid in the blood of the 
femoral vein, simultaneous arterial and venous punctures must be made 
immediately after the exercise. In order to demonstrate this, standing- 
running “all out” for 1 min. was carried out in three cases. The subject 
was first stripped and the femoral area cleaned up in order to save time. 
As soon as the exercise was completed the subject lay upon a couch, and 
the left femoral artery and right femoral vein were punctured simul¬ 
taneously by two operators. Withdrawal of the blood was delayed until 
both operators were ready, and was then accomplished at the same rate 
and to the same amount. In two cases the blood had been transferred 
from the syringe to the receiving vessel within 3 min. In the third experi¬ 
ment a delay occurred owing to the femoral artery being entered instead 
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of the vein. This necessitated a change of syringe and the blood was 
ultimately withdrawn about 5 min, after the exercise. The results of 
these experiments, although too few to be convincing, were satisfactory 
(Table V). 

Table V. Simultaneous punctures of femoral artery and 
femoral Yein after severe exercise. 


Blood lactic acid in mg./iOO c.c. 


Subject No. 

Temorai artery 

Femoral vein 

Remarks 

8 

58-6 

62-1 

Within 3 min.* 

9 

71-8 

74-8 

'Within 3 min.* 

10 

75-8 

74*8 

About 5 min.* 


* After completion of exercise. 


In Cases 8 and 9 the blood was taken within the period of lactic acid 
increase and a shght but definite excess in the venous specimen appeared. 
In Case 10 the blood was withdrawn approximately at the lactic acid 
maximum and showed no significant difference between the arterial and 
venous figures. The subjects of these experiments (Nos. 1-10) were 
chronic mental defectives or psychotics in good physical condition. 

It has now been shown that no increase in blood lactic acid is caused 
by the passage of blood through a large group of resting muscles nor by 
the taking of a moderate amount of exercise, as long as it is not severe 
enough to produce dyspnoea or discomfort. This evidence clearly indi¬ 
cates the error of assuming that muscular activity is responsible for the 
blood lactic acid during bodily rest. 

It has also been shown that the blood draining a group of muscles, 
which have been vigorously exercised, contains slightly more lactic acid 
than that of their arterial supply, provided that the lactic acid maximum 
has not been reached. This indicates the possibility of demonstrating 
changes of lactic acid in the blood occurring during its passage through 
muscle, but only when the formation of lactic acid is very rapid and 
before its removal has begun to keep pace with its formation. 

(2) Stimulation of the sympathetic nervous system. 

The effect of administration of adrenaline upon carbohydrate metabolism has been 
investigated in great detail, a review of the work being given by Gori [1931]. It has been 
demonstrated conclusively that injection of this substance leads to the breaking down of 
muscle glycogen without any associated muscular contraction, and that this results in the 
escape into the blood of large amounts of lactic acid. 

The effects of subcutaneous injections on the blood lactic acid of 
man are shown in Table VI. It is known that excitement, fright or any 
emotion which powerfully stimulates the sympathetic nervous system 
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Table VI. Effect of 17 minims of 1/1000 solution of adrenaline hydrochloride 


Blood lactic acid 
in mg./lOO c.c. 

Sub- Before 20 min. 
ject adrenaline after 

F. J. S. 12-1 22-0 

A. C. 13-5 24-S 


given subcutaneously. 
pH 

20 min. ^ 
Before after Before 

7-34 7-34 74 


Pulse rate 

__A_^ 

10 min. 20 min. 30 min. 
after after after 

80 90 90 

Ho significant change 


increases tlie secretion of adrenaline with consequent rise of blood lactic 
acid. For this reason it might be suggested that the mood and emotional 
state of the individual, through their influence upon adrenahne secretion, 
are the regulators of the lactic acid content of the blood during rest. 
The present work, however, supplies little evidence in support of this 
view, since the blood lactic acid levels in the same subject appear to 
be entirely independent of mood. Furthermore, in experiments, not 
included in this paper, upon neurotic patients some of the highest levels 
were found in the most sluggish and phlegmatic of cases, whilst subjects 
showing sympatheticonia or suffering from anxiety states showed levels 
not appreciably above the average normal. 


(3) Lactic acid production in the hmin. 

The production of lactic acid in relatively large amount by the 
brain tissue has been shown to occur both in vitro [Warburg, Posener 
and Negelein, 1924] and in vivo [Holmes and Sherif, 1932], The 
possibility of some of this lactic acid overflowing into the blood and 
thus constituting a part of the resting blood lactic acid had therefore 
to be considered. Specimens of blood were accordingly collected from 
the jugular bulb and from the femoral artery. It is obvious that the 
blood in the main arteries does not vary significantly, and for this reason 
the femoral artery, being the most convenient to enter without delay, 
was chosen in preference to the carotid artery. As not more than 2 min. 
elapsed between the removal of the venous and arterial blood, the 
samples may be taken as simultaneous for comparative purposes. The 
subjects were in the resting state and were of the same type as those 
used for other arterial punctures. 

Table VII shows that the lactic acid level of the blood directly 
issuing from the brain is no higher than that of the arterial blood, that 
is to say, that all the lactic acid formed in the brain is dealt with in situ 
and plays no part in forming the resting blood lactic acid. The free 
passage of COg into the blood, on the other hand, is demonstrated by 
the differences between arterial and venous p'K values. 



BLOOD LACTIC ACID IN MAN DURING REST. 451 


Table VII. 


Subject No. 

11 

12 

13 

14 

15 

16 


Lactic acid in mg./lOO c.c. blood 

,___ -A _ 

Jugular bulb I’emoral artery 


12-3 

18-0 

12-2 

17-2 

16-4 

10-2 


12-6 

16-2 

14- 0 

15- 4 
14‘5 
IL7 


pK 


Jugular bulb 

7-34 

7-33 

7-35 

7-31 


Femoral artery 

7-37 

7-36 

7-38 

7*35 


(4) Threshold for lactic acid resynthesis. 

The possibility of a threshold below which lactic acid is not resynthesized by the muscles 
would afford an attractive hypothesis, in that it would solve in an easy manner the problem 
of the source of blood lactic acid at rest. The existence of such a threshold value would also 
account for the fact that the resting levels of the blood supplying and leaving a group 
of muscles on the one hand and the liver on the other are all approximately the same 
[Himwioh, Koskoff and Nahum, 1930]. It would not, however, account for the wide 
variations obtained and there is at present no practical evidence to justify the assumption 
of such a threshold. 

(5) Glycolysis. 

The conversion of blood sugar to lactic acid in vitro has long been an established fact. 
The disappearance of glucose in shed blood was noted by Claude Bernard [1877], and 
has since been studied by many workers. Lovatt Evans [1922] has shown that large 
amounts of lactic acid are produced by glycolysis in shed blood and that the reaction is 
accelerated by alkali. It appears that the phenomenon is due to some extent to leucocytic 
activity and that it cannot occur in the plasma or serum alone. It is known to be ac¬ 
celerated by moderate increases of temperature or by raising the blood pH, to be retarded 
by decrease in pH and to be stopped completely by the addition of sodium ffuoride in 
suitable concentration. 

The existence of glycolytic activity in the blood in vivo is more difficult to prove, but 
considerable evidence is accumulating in its support. Eggleton and Evans [1930] have 
demonstrated in a lung-limb preparation of a dog a fall of blood sugar coincident with a 
rise of lactic acid, caused by raising the pH of the blood by means of sodium bicarbonate. 
Stni more convincing is the work of Anrep and Cannan [1923] who found that in a 
heart-lung preparation an increase in pH led to an increase in blood lactic acid. In this 
case there could be little production of blood lactic acid by muscular activity, since it has 
been shown by Himwich, Koskoff and Nahum [1928] that the heart is more concerned 
with removing than with forming lactic acid. Anrep and Cannan considered the increase 
in lactic acid to be due more to interference with its oxidative removal than to its formation 
from sugar. Against this, however, it has been shown by Hartree and Hill [1924] that 
in the frog a fall in pH tends to retard lactic acid removal and that a rise in pH has no 
such effect. 


In the present investigation, the effect of alkah ingestion upon man 
was determined, 20 g. of sodium bicarbonate dissolved in water being 
given by the mouth. The results recorded in Table YIII show that 
30 min, after ingestion a small but definite increase in both blood pH 
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Table VIII. Ingestion of 20 g. sodium bicarbonate. 



Blood lactic acid in 
mg./lOO c.c. 


pB. 

Subject 

Before 

-\ 

30 min. after 

Before 

—^ 

30 min. after 

J. 0. 

13-0 

lo-8 

7-31 

7-35 

w. s. 

11-7 

14*4 

7-30 

7*35 

A.M. 

11*5 

13-7 

7-31 

7-36 

M. H. 

16-8 

20-1 

7-32 

7-37 


and blood lactic acid could be demonstrated. On tbe hypothesis that 
glycolysis is the source of the “resting’’ blood lactic acid, these results 
supply one at least of the reasons for the variations of blood lactic acid 
found in the same resting individual at different times. It is known that 
shght changes in are constantly taking place in the circulating blood, 
and it is to be expected from the above evidence that these are accom¬ 
panied by changes not only in COg tension but also in lactic acid concen¬ 
tration. Thus glycolytic activity, stimulated by a tendency to increased 
blood pH and depressed by a tendency to decreased blood pH, offers a 
material basis for the suggestion of Anrep and Cannan [1923] that 
blood lactic acid changes serve as a third hne of buffer resistance, and 
for the statement of Peters and van Slyke [1931] that (in states of 
alkalosis) the “lactic acid increase must be looked upon as an adaptive 
reaction, as it tends to mitigate the alkalosis to which it is a response.” 

SXJMMAEY. 

1. The technique of lactic acid estimation by means of one of the 
more recent modifications of Clausen’s method is described. It is shown 
that the removal of sugar is unnecessary as long as tungstate-sulphuric 
acid deproteinization is used. 

2. An attempt is made to trace the source of blood lactic acid in 
man during bodily rest. Resting blood lactic acid values observed by 
previous authors are reviewed and are compared with the figures obtained 
in the present studies. The results show that any satisfactory explana¬ 
tion of the existence of this lactic acid must also account for the wide 
variations observed in the same individual at different times, but under 
apparently identical conditions of bodily rest. 

3. Possible sources of blood lactic acid at rest are discussed and 
experimental evidence is presented in support of the following con¬ 
clusions : 

(a) During bodily rest the muscles supply no lactic acid to the blood. 
In the case of men in good training, walking at speeds up to 4| m.p.h. 
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for 30 min. produces no increase in the lactic acid concentration of blood 
drawn from the femoral vein. 

(b) Activity of the sympathetic nervous system with consequent 
secretion of adrenaline is an unlikely source. 

(c) Comparison of blood samples taken in immediate succession from 
the jugular bulb and from an artery during rest shows that the blood 
receives no demonstrable amount of lactic acid from the brain. 

(d) The existence of a threshold value below which lactic acid is not 
resynthesized by the muscles is an hypothesis which lacks supporting 
evidence of a practical nature and which would still leave unexplained 
the wide variations in lactic acid concentration. 

(e) Conversion of blood sugar (glycolysis) is the most probable source 
of the blood lactic acid at rest. The evidence of glycolytic activity, shown 
by previous workers to take place in vitro and in heart-lung preparations, 
is supported by experiments in vivo, in which an increase in blood pH 
by means of alkali ingestion is shown to increase the blood lactic acid 
concentration. These experiments also suggest that the variations in 
lactic acid concentration during bodily rest are due to stimulation or 
depression of glycolytic activity and assist the organism in its endeavour 
to maintain a constant blood reaction. 
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for his unfailing interest, and to Drs R. A. McCance and S. A. Mann 
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ADRENALINE IN THE SUPRARENAL MEDULLA. 

By HEINZ SCHILD. 

{From the National Institute for Medical Research^ 

Hampstead, iV'.Tf. 3.) 

Of the many chemical methods which have been described for the 
estimation of adrenaline in extracts from the suprarenal glands, most 
depend on the use of oxidizing reagents to produce a red-coloured pro¬ 
duct of the partial oxidation of adrenaline itself. The method of Folin, 
Cannon and Denis [1912], on the other hand, depends on the blue 
colour produced in an alkaline phosphotungstate mixture by the reducing 
action of adrenaline. There is an obvious possibility that derivatives of 
adrenaline, not possessing its physiological activity, might, if present in 
an extract, contribute to the red colour produced by oxidizing reagents; 
while reducing substances other than adrenaline will produce a blue 
colour with Folin’s reagent. It is not surprising, therefore, that several 
investigators have drawn attention to cases in which the colorimetric 
estimate of adrenaline in an extract differed significantly from that 
obtained by a physiological determination of activity; though, in general, 
the results obtained with extracts from fresh, normal glands have usually 
shown good correspondence, as in the original comparisons made by 
Folin, Cannon and Denis [1912]. Where discrepancies have occurred, 
these have usually been in the direction of over-estimates by the colori¬ 
metric test. Kojima, Nemoto, Sato, Saito and Suzuki [1932], on 
the other hand, recently drew attention to another kind of discrepancy, 
apparently due to the presence of other physiologically active substances 
in an extract, causing differences also between the physiological estimates 
obtained by different methods. 

Such discrepancies as have hitherto been recorded are of different 
kinds, and of much smaller dimensions than that recently described by 
Annau,Huszak, Svirbely andSzent-Gyorgyi [1932]. These authors 
examined extracts from the separated medulla of ox suprarenal glands, 
rapidly frozen as soon as possible after slaughter, and kept in a frozen 
condition until the extract was prepared by a method designed to avoid 
decomposition of the natural hormone. In such extracts they observed a 
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physiological activity corresponding to that of about ten times the 
quantity of adrenaline estimated from the colour produced by the 
oxidizing action of iodine. The existence of the discrepancy was con- 
firmed by other colorimetric tests. It could be interpreted as due either 
to the presence of some substance or condition hindering the oxidative 
production of the coloured derivative, or to the existence of adrenaline 
in the suprarenal medulla as an unstable derivative having many (at 
least 10) times the activity of the free substance, as isolated by chemical 
methods. Szent-Gyorgyi and his co-workers chose the latter inter¬ 
pretation, and provisionally gave the name “novadrenine” to this 
active derivative, in which they supposed adrenaline to occur naturally, 
as the true, unchanged suprarenal medullary hormone. Their choice 
appears to have been determined by two considerations. The physio¬ 
logical action of their medullary extracts, if due to free adrenahne, would 
have indicated the presence of as much as 15 to 30 mg. of adrenaline in 
1 g. of fresh medullary substance. Apparently they regarded such a high 
content as unthinkable. Further, in attempting to isolate the supposed 
novadxenine, they found that the values determined by colour and 
physiological tests would, at some stage of purification, become newly 
concordant. They attributed this to liberation of adrenaline from the 
unstable novadrenine; but, in the absence of any quantitative data, to 
show that the new match was reached by loss of physiological action 
rather than by gain of colorimetric value, the fact recorded could as easily 
be explained by removal of hindrance to oxidative colour production. 

The experiments here recorded were undertaken to obtain further 
evidence as to the meaning of the discrepancy described by Szent- 
G-yorgyi and his co-workersh 


Methods. 

Material and extraction. Szent-Gyorgyi and his co-workers laid 
great stress on the protection of the suprarenal glands from post-mortem 
change by cold, and on the use of what they regarded as a conservative 
method of extraction. Our precautions were probably at least as strict. 
They state that the glands (ox) were excised for them as soon as possible 
after death, and transported on ice to the laboratory, where they were 
frozen before dissection and mincmg. We arranged to have ox glands from 

^ Since tMs paper was accepted U. S. v. Euler has published in this Journal (78, 462) 
an account of a shorter investigation, by which he also was led to conclude that the dis¬ 
crepancy in question had no true significance, being probably due to some defect in the 
colorimetric method used by Szent-Gyorgyi and his colleagues; and this conclusion has 
been accepted by Professor Szent-Gyorgyi, in a footnote to v. Euler’s paper. 
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tlie abattoir removed as soon as possible, and frozen with solid COg 
before transport to tbe laboratory* In other cases we were able to use 
glands from horses slaughtered at the Institute’s farm; and these could 
be obtained within a few minutes of slaughter, and then similarly frozen 
for transport. We found no evidence, indeed, that this accelerated 
excision enabled us to obtain extracts of higher activity than those 
yielded by glands removed at the abattoir after a longer interval. In any 
case, however, our failure to confirm the suggested discrepancy between 
colorimetric and physiological values was not due to the neglect of pre¬ 
caution against fost-mortem change. As a rule the hard frozen glands 
were dissected as soon as received in the laboratory; but in some cases 
they were kept for periods up to 2 weeks at about —4^ C. before use. 
Glands so stored yielded as active extracts as those obtained from others 
of the same batch worked up immediately on delivery. 

The frozen glands were cut open, and the medulla dissected as cleanly 
as possible from the cortex without allowing it to thaw. We did not use a 
mincer, but transferred the medullary substance to a mortar containing 
the cold extraction fluid and clean sand, with which the substance was 
quickly ground to a fine suspension. Three methods of extraction were 
used. 

(i) Szent-Gyorgyi’s method, of extracting with cold 0-5 p.c. tri¬ 
chloroacetic acid, raising the mixture briefly to 70° G. to complete the 
coagulation, and then cooling the filtered extract and preserving below 0°. 

(ii) An alternative method, mentioned by S z e n t-Gy 6 r gy i as equiva¬ 
lent, of extracting with 5 p.c. trichloroacetic acid in the cold. At this 
strength the cold acid itself is an efficient protein coagulant, and no 
heating is required. After filtration the excess of trichloroacetic acid can 
be removed, as suggested to us by Dr Dudley, by shaking with several 
successive quantities of ether, carefully purified from peroxides. The ether 
also removes traces of lipoid substances, which make the extract shghtly 
opalescent and hinder colour comparisons. Shaking with ether is repeated 
until the extract is perfectly clear and colourless, and is only just acid to 
congo-red paper. The extract is then preserved below 0° C. 

(iii) The familiar method of extracting with 0-5 p.c. acetic acid, 
boiling briefly to coagulate proteins, and filtering. 

It will be seen later that the results obtained by the three methods of 
extraction are practically identical; so that our experience afiords no 
ground for supposing that the method of extraction used by the Hun¬ 
garian workers had any special effect in preserving a natural adrenaline 
complex. 


31-—2 



458 


H. SCHILD, 


Methods of colon metric determination, Witli tlie exception of tlie 
Folin metliod, in wMcli adrenaline acts as a reducing agent to produce 
a blue-coloured derivative of pbosphotungstic acid, tlie different metliods 
wliicb bave been described for the colorimetric determination of adrena¬ 
line depend on the formation of a red product of partial oxidation. 
Szent-Gyorgyi and his co-workers used a method of this kind, de¬ 
pending on the production of the red colour by oxidation with iodine, as 
originally described by Yulpian. They treated the extract to be tested 
and a control solution of pure adrenaline simultaneously with LugoFs 
solution, added in sufficient excess to colour the solution with free iodine; 
the free iodine wns then removed by sodium thiosulphate and the colori¬ 
metric determination immediately made by direct comparison of the 
two solutions. The value obtained was controlled by other tests, including 
that based on oxidation by potassium persulphate, introduced by 
Ewins, and identical results are stated to have been obtained. In all 
cases the determination was based on direct comparison of the colour 
produced in the extract with that in a control solution of pure adrenaline. 

In our own experiments the persulphate test was first tried, on account 
of the facility which it offered, by the use of a colourless reagent, for 
studying the course of the development of the colour in the two solutions. 
We were immediately struck by the extraordinary slowness with which 
the colour appeared in the gland extract. In the pure adrenaline solution 
the colour appeared rapidly, and the oxidation had passed far beyond 
the stage of maxi m um red colour at a time when the red colour was in 
the initial stage of its slow development in the similarly treated gland 
extract. No kind of estimate of the adrenaline in the extract could be 
obtained by direct comparison under such conditions. Means could be 
found, indeed, as described below, to reduce this disparity in time 
relations, but without any certainty of its elimination. There was a 
further hindrance to the accuracy of direct comparison, in the fact that 
the colour produced by partial oxidation of adrenaline, by any reagent, 
is a mixed colour, with a red, a yellow and a blue component, w^hich may 
to some extent vary independently; so that, even if the process could be 
so modified as to produce certainly simultaneous colour maxima in the 
pure adrenaline solution and the gland extiract, the direct comparison 
would still be liable to difficulty and inaccuracy on account of minor 
qualitative differences between the colours. 

For these reasons we abandoned the attempt to make estimates by 
direct comparison in a colorimeter of the Dubosq type, with any of 
the colorimetric methods. Using the Lovibond-Eosenheim [1927] 
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tintometer, in wMcli the colour of the solution is rapidly matched by an 
appropriate combination of standard red, yellow and blue glasses, we 
could determine, for adrenaline solution and for extract alike, the strength 
of the red component of the colour at its maximum. An accurate and 
reproducible comparison could thus be made, even when the maxima 
were not simultaneous. It was only necessary to choose conditions which 
would lead to the development of the colours in the two solutions at 
rates not too widely different, and of the different colour components in 
approximately the same ratios. 

The three tests thus used by us were the persulphate test of Ewins, 
as modified by Barker, Eastland and Evers, the iodine test chiefly 
used by the Hungarian observers, and the Eolin test. 

The fersul'phate method. In a recent examination of the development 
of the colour in this test, Barker, Eastland and Evers [1932] showed 
that the rapidity of the development and the time of persistence of 
red colour were favoured by the presence of the chloride ion, by a pH 
between 5 and 6, and by the presence of a trace of a heavy metal, in 
particular of copper. Having confirmed these authors on these various 
points by our own experience, we have used, in all our own determinations 
by this method, a buffered persulphate reagent, made up in accordance 
with their indications, to the following formula, with a pH 5*5: 


NaCl . 

1 

K^SA. 

0-2 

Na^HPOi, I2H2O . 

0-239 

NaH2P04,2H3O . 

0-937 

Water to 100. 



To the extract or control adrenaline solution the persulphate reagent 
was added in equal volume. The mixture, at the temperature of the 
laboratory {18'^-20° 0.), was placed in the tintometer and successive 
matches made with the coloured glasses until the maximum value for 
the red component was reached. 

The sensitiveness of the reaction to traces of heavy metals makes it 
difidcult to control the rate at which the colour develops. The use of a 
syringe with a steel needle, instead of a glass pipette, to measure a small 
volume of an extract, was found, on one occasion, to produce a great 
acceleration of the colour development. We tried the effect of deliberately 
accelerating the development by dipping a strip of clean copper into the 
mixture of extract and persulphate reagent, and found that the colour, 
as expected, reached its maximum much more rapidly, but that the 
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maximum so attained was some what lower than that ultimately reached 
in the same mixture without copper. 

Apart from such known and deliberate changes of conditions^ affecting 
the rate of colour development, we observed changes in the rate which 
appeared to be capricious, and were due to causes which we were unable 
to identify. We observed, on one occasion, that a freshly prepared medul¬ 
lary extract showed a very pronounced retardation of the development 
of maximum colour with the persulphate reagent, and that the inhibit¬ 
ing factor had, apparently, largely disappeared when the extract was 
tested again after being kept for a day or two, the same maximum being 
then attained, but with a rapidity comparable to that seen with pure 
solutions of adrenaline. Later, however, the same extract again showed 
a retarded colour development. In successive tests made on one extract, 
even at different times during the same day, widely varying periods were 
required for the attainment of the colour maximum. Attempts to associate 
these variations with changes in illumination or other conditions were 
unsuccessful. The reaction is extremely sensitive to traces of heavy metals, 
as already indicated; and this probably explains the fact, observed by us, 
that the colour development is greatly retarded by adding potassium 
cyanide to the persulphate reagent, in dilutions as low as one-fiftieth of 
the molar concentration of the persulphate. Even pure solutions of 
adrenaline are to some extent subject to apparently capricious variations 
in their rate of oxidation by this reagent; but these are much more 
prominent in dealing with gland extracts. 

^"^Tiatever may be the sources of these irregularities, they appear to 
us to be of such a kind that there would be little hope of eliminating them, 
under the working conditions of an ordinary laboratory. When the time 
of maximum development of the colour in an extract may vary from 
5 min. to an hour, and when the average time required by extracts to 
reach the maximum is about three times that required by a pure solution 
of adrenaline, it is clear that direct comparison of the colour developed 
in an extract with that of the control solution at its maximum can only 
give grossly misleading results. Under such conditions we should have 
found it easy to obtain measurements comparable to those of Szent- 
Gyorgyi and his colleagues, suggesting that an extract contains adrena¬ 
line in only about one-tenth of the quantity corresponding to its physio¬ 
logical action. On the other hand, although the proportion of yellow to 
red in the colour at its maximum tends to increase somewhat with the 
time of development, the readings of maximum value of the red component 
by the Lovibond-Rosenheim tintometer showed but slight variation 
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witiL tlie same extract, even over a fairly wide range of times taken in 
reacMng the maximum. By comparison of tkese maximum red values witk 
those of a pure adrenaline solution, satisfactorily consistent estimates of 
the adrenaline content of an extract could be obtained by the persulphate 
method. And these, again, agreed fairly well with the estimates obtained 
by the iodine method, when both were used for the same extract. 

The iodine method. This was the method which gave the results on 
which the conclusions of Szent-Gyorgyi and his co-workers were 
mainly based. The course of the development of the colour in this reaction 
can be studied by adding iodine (LugoFs solution) in distinct excess to a 
series of samples of an adrenaline solution, and removing the excess of 
iodine with thiosulphate at different intervals after its addition. In the 
earliest stage the colour so revealed is a yellowish red, which, in samples 
from which the iodine is discharged later, becomes successively a pure 
red, and then a bluish red. The rate at which this sequence of changes 
occurs is conditioned by the hydrogen-ion concentration. At 6*2 
the following sequence can be observed by the tintometer. If the excess 
of iodine is removed as soon as possible after addition, a colour is observed 
containing about 86 p.c. red to 15 p.c. yellow by the Lovibond glasses. 
If the excess of iodine is allowed to remain for 50-100 sec. before dis¬ 
charge, the colour obtained is a ''pure’’ red— i.e, one requiring no ad¬ 
mixture of yellow for matching in the tintometer—and the intensity of 
this is the same, within about 6 p.c., as that of the red component in the 
earlier mixture. If the iodine is allowed to act still longer, a blue com¬ 
ponent replaces the yellow in the resulting colour, while the red com¬ 
ponent still remains approximately constant. Finally, if the excess of 
iodine is allowed to act for 15 min. or more, both blue and red com¬ 
ponents diminish. In solutions more strongly acid than fK 6, the yellow 
component is stronger in the early state, and the development to the 
blue-red stage requires a longer action of the iodine. If the acidity is 
still greater (pH less than 4) the red colour develops very slowly. On the 
other hand, as the reaction is shifted to the alkaline side of pK 6, the 
sequence of changes is accelerated, becoming so rapid at a definitely 
alkaline reaction that it is diflElcult to be certain of stopping the reaction 
in the maximum range; and the colour, after discharge of excess of 
iodine, fades so rapidly in an alkaline mixture that it is not easy to 
obtain a stable and satisfactory reading^. 

A large excess of iodine in a strongly acid solution appears to destroy 
the red component faster than it is formed, so that a red solution is never 
^ Of. V. Euler, loc, cit p. 465, 
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obtained. At pH 6, on tbe otter band, a moderate excess of iodine makes 
no difierence to the strength of the red colour obtained in the same time 
of action. At reactions more acid than about 6 the production of 
the colour maximuna by iodine was always slower, though to varying 
degrees with different extracts, than with pure solutions of adrenaline. 
When, on the other hand, the reactions of both were in the neighbourhood 
of pH 6, there was no perceptible difference between the rates of colour 
production in a pure solution of adrenaline and in medullary extracts. 
In contrast with the persulphate test, and also with that of Folin, the 
rate of colour development in the iodine test appears to be unaffected 
by traces of heav}^ metals. 

For these various reasons it was clear that a reaction in the neighbour¬ 
hood of pH 6 provided the optimum conditions of colorimetric deter¬ 
minations by this method. Szent-Gyorgyi and his co-workers state 
that their extracts were ^^neutralized with a small excess of sodium 
bicarbonate.” This would appear to indicate the choice of a reaction far 
too alkaline, in our experience, to enable stable and consistent readings to 
be obtained by the iodine method; but we are unable to judge to what 
extent this accounts for the difference between their results and our own. 
Our own procedure was as follows: 

The control solution was made by dissolving an accurately weighed quantity of pure 
adrenaline base with the aid of a trace of dilute HGl, and diluting with distilled water. The 
reaction of the medullary extract to he tested was pre-adjusted, if necessary, to the neigh¬ 
bourhood of 6. A preliminary determination indicated the approximate strength of 
adrenaline to be determined. Appropriate dilutions of the control solution and of the 
extract were then made with a 1/15 molar phosphate buffer solution, made up according 
to Clark’s directions, with a pH 6’2- Lugol’s solution, diluted to a strength of N/lOO 
iodine, was then added, in the proportion of 1 c.c. of the dilution to about 0*1 mg. of 
adrenaline. The mixtures were allowed to stand for equal times, in the range from 50 
to 100 sec., experience having shown that vuthin this range a stable colour was produced, 
which could be matched by the red glasses of the tintometer without introduction of a 
yellow or blue component. The determination can be made rapidly, and successive readings 
on the same solution or extract do not vary by more than i S p.c. Since the colour develops 
at the same rate, under these conditions, in pure adrenaline solutions and gland extracts, 
and has the same pure quality in both cases, direct comparisons can also be made with a 
colorimeter of the Bubosq type. 

FoUn^s test In contrast to tbe other tests, in which adrenaline acts 
as the specific parent substance of the coloured product on which the 
measurement is based, Folin’s test depends on the reducing action of 
adrenaline, in producing a coloured product of phosphotungstic acid. 
This reducing action is not specific. It is produced by physiologically 
inactive oxidation products of adrenaline, by uric acid, and, according 
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to Szent-Gy orgyi, by bexuronic (ascorbic) acid, wbicb is a constituent 
of tbe suprarenal cortex. 

There seem, therefore, to be many chances of the Folin test, when 
applied to suprarenal extracts, giving an estimate in excess of the true 
adrenaline content; and several investigators have stated, indeed, that 
extracts of the whole gland do give estimates higher than the true 
value [Lewis, 1916; Frowein, 1922; Maiweg, 1922; Watanabe and 
Sato, 1928], On the other hand, a careful comparison made by Folin, 
Cannon and Denis [1912] at the time of the first description of the test, 
showed a very satisfactory correspondence between the adrenaline con¬ 
tents determined by it for a series of gland extracts, and the physiological 
estimates made on the same extracts. 

Baker and Marrian [1927] have shown that the development of 
the colour in the Folin test takes a time which varies according to con¬ 
ditions, the presence of traces of heavy metals having, in particular, an 
accelerating action. In order to see the course of the development it 
is better to dilute the mixture of phosphotungstate and adrenaline- 
containing solution to near the final volume, before adding the sodium 
carbonate and thus starting the reducing action. It is then seen that the 
blue colour reaches about 86 p.c. of its maximum in about 3 min. The 
maximum is then more slowly approached, being reached only after 
about 10 min. Later, the colour slowly fades again. The colour is mainly 
blue, but the presence of a yellow component increases the difficulty 
of matching it in the Lovibond tintometer. On the other hand, the 
development of the colour is not delayed in the gland extract by the 
presence of non-specific constituents, so that direct comparison with the 
control solution, as in the ordinary performance of the test, gives good 
results. 

Most of the criticisms of the test, as giving unduly high values through 
the presence of non-specific reducing agents, have been based on experi¬ 
ments with extracts from the whole suprarenal gland, including the 
cortex. We were deahng with extracts from the separated medulla, and 
these were so prepared as to be free from products of the partial oxidation 
of adrenaline. On the other hand, it is impossible to be certain of 
removing every trace of cortical material in dissecting out the medulla 
from the frozen glands. It might, accordingly, have been expected that 
Qur estimates on these extracts by the Folin test would give rather high 
values. As a matter of fact, it will be seen that, when the Folin test 
was applied, the estimate of adrenaline which it gave was consistently 
lower than that obtained on the same extract by the iodine method, and 
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usually lower tlian that given by the persulphate method. We are unable 
to explain the discrepancy, and can only record it. 

Physiological determinations. For these we used only the test on the 
arterial blood-pressure reaction of the spinal cat. The cord was cut under 
ether at the level of the second cervical vertebra, and the cord anterior 
to this section, the bulb, and the whole of the brain completely destroyed. 
The determinations of the adrenaline content of an extract were made 
in the usual way by finding a dose producing a rise of arterial pressure 
matching, as exactly as possible, that produced by a submaximal dose 
of a control solution of pure adrenaline. The most favourable conditions 
for accuracy were presented by a preparation in which, some hours after 
cord section, the resting” arterial pressure had attained a low, steady 
level. By bracketing doses the adrenaline activity of an extract could 
usually then be estimated to ± 5 p.c. 

The general nature of the results soon became clear. When injections 
were, in the ordinary way, made into a peripheral vein, the adrenaline 
determined in an extract, in comparison with a pure adrenaline solu¬ 
tion, was definitely in excess of that determined by any of the colori¬ 
metric methods used by us. The difierence, indeed, was not of the order 
suggested by Szent-Gy orgyi and his co-workers. They found an activity 
at least 10 times as great as that indicated by the colour test. We found 
an excess activity corresponding to only 10-40 p.c. of the adrenaline 
determined by colorimetry; but it was generally present. An inspec¬ 
tion of the arterial pressure records showed, however, a qualitative 
as well as a quantitative difference between the changes produced by 
equicolorimetric doses of pure adrenaline and of the gland extract 
respectively. The curve shows, in either case, a very rapid rise to an 
obvious “shoulder,” from which the pressure climbs more slowly to the 
brief maximal “pinnacle.” It could frequently be seen that the excess 
of the maximum rise produced by the dose of extract, over that pro¬ 
duced by the colorimetrically equivalent dose of pure adrenaline, was 
entirely due to the second phase of the rise—a higher “pinnacle” being 
reached from an equally high, or even a lower “shoulder.” Since this 
second phase involves, and is partly due to acceleration and augmentation 
of the heart beat, it seemed possible that some other constituent of the 
complex extract, by a reinforcing or steadying action on the heart beat, 
might assist in raising the blood-pressure to a level above that to which 
it would be driven by the unmixed action of the adrenaline present in the 
dose. This possibility could be tested, by injecting the doses of adrenaline 
and of gland extract into the thoracic aorta, so that they would pass 
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directly to the peripheral arterioles and produce their main pressor effects 
by vaso-constriction, effects on the heart being reduced to those of such 
traces of adrenaline or other substance as might pass through the 
peripheral vessels, and delayed by a whole circulation time. For this 
purpose it was necessary to use a long capillary glass cannula, introduced 
through the cut central end of the right carotid artery, and pushed down 
so that its tip rested against the inside of the lesser curvature of the 
aortic arch, as described by Dale and Richards [1927]. The blood had 
to be made incoagulable by heparine, and this involved a modification of 
the method of destroying the brain. By a preliminary dissection under 
ether both carotid arteries were tied, and then, the upper part of the 
sternum being split without opening the pleurae, the vertebral arteries 
were tied in succession, and the subclavian arteries central to the origin 
of the vertebrals. The tying of the second vertebral artery was followed 
by a few deep gasps preluding the complete cessation of breathing. 
Artificial respiration being applied, the cord could now be cut, and the 
brain destroyed, as a completely bloodless operation. After all further 
dissection had been completed, and arrangements made for inserting the 
capillary aortic cannula, heparine could then be injected without any fear 
of hemorrhage from the intracranial vessels. 

Results. 

The results are assembled in Table I, which enables the estimates 
obtained by the different colorimetric and physiological methods to be 
compared. 

Table I. Mg. of adrenaline per g. of fresh, moist medulla. 

Colorimetric Physiological 






Per¬ 


Intra¬ 


Bate 

Animal 

Iodine 

sulphate 

Polin 

venous 

Arterial 

Bee. 23rd, 1932 

Horse 

(a) 

8-8 

— 


9*87 

__ 





9*49 


Jan. 2nd, 1933 

Ox 

(a) 

5-68 

5-4 

5-12 

7*33 

5-12 





7-74 








7-33 








7-94 


Jan. 16th, 1933 

Ox 

(a) 

8-43 

— 

— 

12*0 

6*74 



(6) 

8-18 







(c) 

7-33 





Jan. 27th, 1933 

Ox 

(a) 

9-86 

— 

8*88 

12-28 

7-9 

Peb. 2nd, 1933 

Ox 

(a) 

6-85 






(i) 

8-09 





Peb. 15th, 1933 

Horse 

(a) 10-74 

10*74 

9*81 

10*74 



(6) 11-47 

10*50 

9*93 

12-62 
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Tlie following points may be noted: 

(1) When colorimetric determinations are made by more tban one 
metliod on tbe same extract, the results are in fairly good agreement, 
but tbe estimates by tbe Folin metbod are, on the whole, lower than 
those by the iodine method, 

(2) The samples used on January 2nd and 16th were prepared from a 
batch of material collected on the former date. It will be seen that the 
extract made on the day of collection was much weaker, by all tests, 
than that made from other glands of the same batch, kept for a fortnight 
before extraction. Probably the glands chosen for immediate extraction 
happened to have smaller stores of adrenaline; in any case there seems 
no reason to doubt the stability of glands kept below 0° C. 

(3) The three diferent extraction methods above described were used 
in certain cases. In Table I (a) indicates an extract made with cold 5 p.c. 
trichloroacetic acid, the excess being removed from the filtrate by ether; 
(6) an extract made, by Szent-Gyorgyi’s usual method, with 0-5 p.c. 
trichloroacetic acid and brief heating to 70°; (c) an extract made by brief 
boiling with 0*5 p.c. acetic acid. It will be seen that there is no regular 
excess of adrenaline shown by any one process over the other when 
used on samples from the same batch of glands. Whenever the comparison 
was made, the extract by simple boiling with dilute acetic acid showed, 
further, a similar excess of activity by intravenous injection over the 
colorimetric determination to that shown by the extracts made from the 
same batch by either of the trichloroacetic acid methods recommended 
by the Hungarian workers. There seems no ground, in any case, for the 
suggestion that activity, as distinguished from adrenaline content, is 
lost by the simple, ordinary method of extraction. 

(4) The adrenaline contents determined by the intravenous physio¬ 
logical test range from 7*33 to 12-62 mg. per g. of fresh medulla. None 
of these values reaches the range of 15—30 mg. per g. mentioned by 
Szent-Gyorgyi and his co-workers. On the other hand, the values are 
not of a lower order. According to their statement, their colorimetric 
values were not more than one-tenth of the physiological. Their colori¬ 
metric estimates, accordingly, showed not more than 1*5-3 mg. per g.; 
and these values are more definitely inferior to those obtained in our 
colorimetric determinations (5-7-11-5) than are our physiological deter¬ 
minations to theirs. 

(5) Our physiological estimates, obtained by matching the heights of 
blood-pressure rises with intravenous injections, almost always showed 
a definite excess over the colorimetric estimates on the same extracts, as 




la. Experiment of January 11th. Comparison of diluted extract (J) with equi- 
colorimetric solution of adxenaline 1:50,000 (A), on spinal cat with venous injections. 
0*35 U > 0*5 A. 0*3 (approx.) 0-5 A. 


Eig. 1&. Continuation of experiment, with arterial injections into the same 
1-0^ >1*0 J? 
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has been mentioned already. The experiment of February 15th shows 
that the discrepancy is not always present. The discrepancy is, in any 
case, of a relatively small order, and has no relation to a difference of the 
kind described and illustrated by Szent-Gyorgyi and his co-workers. 
The estimates made by us on January 2nd, 16th and 27th with intra¬ 
arterial injections show a reversal of the discrepancy, the physiological 
estimates by this method being, in all cases but one, as definitely inferior 
to those made by colorimetry, as are the latter to the physiological 
estimates with ordinary intravenous injection. Fig. 1 is taken from part 
of the record representing the comparisons made on January 2nd. 

Discussion. 

The discrepancy which we have observed has no connection with that 
which we set out to investigate. The fact that it appears in opposite 
directions, according as the physiological tests are made with one or 
another form of injection, may be taken to indicate a limit to the accuracy 
with which the actions of a crude extract and of pure adrenaline can be 
compared. The comparison is clearly subject to interference by some 
substance which potentiates the pressor effect of adrenaline with in¬ 
travenous, and antagonizes it with intra-arterial injections. The simplest 
conception is of a substance, or mixture of substances, which—at least 
when adrenaline is also present—improves the output of the heart by a 
direct action on that organ, and has also a peripheral vaso-dilator action, 
antagonistic to the vaso-constrictor effect of adrenaline. A comparatively 
very weak activity of this kind would suffice to modify the adrenaline 
effect in opposite directions with the two methods of injection, so as 
to produce the disparity between the two estimates, and between either 
and the colorimetric estimate, which presumably gives the nearest ap¬ 
proximation to the true adrenaline content, at a value somewhere between 
the two physiological estimates. 

We find no evidence at all for the existence of a real, major discre¬ 
pancy of the kind described by Szent-Gyorgyi and his colleagues. It 
seems probable that the low colorimetric values which they obtained were 
due to various conditions which cause the coloured product of partial 
oxidation to appear more slowly in the impure extract than in the pure 
adrenaline solution, or which otherwise produce a false reading of the 
adrenaline content when direct comparison is made between the simul¬ 
taneous colorations of the two solutions. Our results, it will be seen, 
eliminate the large discrepancy, not by depressing the physiological 
estimates to meet colorimetric values as low as theirs, but by raising the 
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colorimetric values, determined under fairer conditions by reading each 
at the maximum, to meet physiological estimates of the same order as 
theirs. The highest value we obtained, by physiological assay, was, 
indeed, not much above 12 mg. of adrenaline per g. of fresh medulla. 
We find no reason to doubt, however, that, with certain samples of 
glands, we should obtain extracts of a physiological activity corre¬ 
sponding to 15 mg. or more of adrenaline per g., or that colorimetric 
tests, properly applied, would show that activity to be due to adrenaline 
itself. Adrenaline contents of this order in the separated medullary 
substance are not, as Szent-Gyorgyi and his co-workers have assumed, 
“impossible.” The tenfold discrepancy observed by them was clearly 
due, in our opinion, to their imderestimating, to that extent, the amount 
of adrenaline actually present, and not, as they supposed, to its presence 
as novadrenine, with an activity at least ten times as great. 

Summary. 

The existence of adrenahne in the suprarenal gland as a complex, 
novadrenine, of enhanced activity, is not confirmed. Adrenaline exists 
in the gland in a quantity corresponding to the physiological estimate. 

I wish to express my sincere gratitude to Sir Henry Dale for his 
continual help and advice during this research. 
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THE INFLUENCE OF CERTAIN FACTORS UPON THE 
VOLUME OF THE INTRATHORACIC VENM CAVJE, 

By K. J. franklin. 

(From the University Department of Pharmacology, Oxford.) 

It is probable tbat many factors affect the volume of the intrathoracic 
vense cavse of mammals during respiration; in this paper only two will be 
considered in detail, namely, structure and intramediastinal pressure. 
The thoracic inferior vena cava of the dog, cat, and rabbit [Franklin, 
1931,1932,1933] lengthens during inspiration, but the superior vena cava 
does not generally do so in quiet breathing, although its structure in the 
cat and in the rabbit would permit such lengthening if it became neces¬ 
sary. If the thoracic inferior vena cava reaches its limit of lengthening, 
the heart is pulled caudally and the trachea and superior vena cava 
lengthen a little; inspiration, however, is becoming rather forcible when 
this stage is reached. The structure of the thoracic inferior vena cava in 
the dog, cat, and rabbit imposes variations in volume according to its 
length, and when other factors, such as respiratory variations in intra¬ 
mediastinal pressure, are excluded, the volume is found to be greatest at 
the expiratory length of the vessel. If, however, as is generally accepted, 
the intramediastinal pressure decreases during inspiration, this will tend 
to increase the volume of the vein and so will oppose the effect produced 
by its structural peculiarities. The primary object of the present research 
has been to investigate the combined effect of these two opposite influences 
upon the vein volume. At the same time, the volume changes of the dog’s 
superior vena cava, when exposed to varying pressures, have been re¬ 
corded, The structure of the latter vein in this species gives no anatomical 
Justification for supposing that it undergoes fimctional changes in length; 
it differs, therefore, in this respect from the corresponding vessel in the 
cat and in the rabbit. 

Many difficulties have arisen during the work, and of these two in 
particular must be mentioned here. The first is that it is not easy to obtain 
from the literature any satisfactory quantitative conception of the intra¬ 
mediastinal pressure changes in different species of mammals. It is very 
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doubtful if ''intrapleurar’ pressure records can give any indication of 
intramediastinal values [Rebfiscb, 1927], and even van der Brugli’s 
tecbiiiqiie [1900] leaves one somewhat sceptical Meltzei [1892] essayed 
the measurement of intramediastinal pressures in large rabbits, and he 
found that the pressure changes were extremely small except at the caudal 
end of the mediastinum, so that only the diaphragmatic end of the 
thoracic inferior vena cava was exposed to pressure variations of any 
magnitude. From a study of all the available data, one gathers the im¬ 
pression that the variations in pressure within the dog’s mediastinum 
during ordinary breathing are very unlikely to be as great as 20 cm. HgO, 
and are probably very much less, especially at the cranial end of the 
thorax. The second difiSculty of importance has been the peculiar nature 
of the thoracic inferior vena cava itself. Structurally, it is very largely 
non-cellular, as it consists for the most part of collagen and elastic fibres. 
It changes in length, as the diaphragm contracts, many thousands of 
times during the day. It has a scanty endowment of vasa vasorum. It is, 
therefore, a vessel sui generis, and in consequence it is not so surprising 
that the isolated vein deteriorates rapidly, and that difiusion often takes 
place through its walls, though the superior vena cava does not show 
corresponding permeability. The experiments on this point are being 
continued, and are only referred to here in order to explain why recording 
has had to be extremely rapid, once the vein has been removed from the 
body. 

Method. 

The volume variations of the isolated superior venae cavae and thoracic 
inferior vense cavse of six dogs were recorded by means of a special 
apparatus. The superior vense cavae were kept at their natural length, 
and were exposed rapidly to internal pressures of Ringer’s solution varying 
from 0, 2, or 4 cm. to 30 cm. and back again. The inferior venae cavae were 
exposed to similar pressure changes from 4 or 6 cm. Ringer’s solution to 
30 cm. and back again, but this was done at both the expiratory and 
inspiratory lengths of the vessels, and usually also at intermediate 
lengths. The volume at each 2 cm. difference of pressure was automatically 
recorded by an optical device, and a complete cycle from low to high 
pressure and back took 2-4 seconds to record, so that the vein was ex¬ 
posed to the pressures for about the length of a normal respiratory cycle. 
Increase in internal pressure within the vein was assumed to be equal in 
its effect on the vein volume to a decrease in external pressure, such as 
would occur in the mediastinum of the intact animal. 
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Tlie front and back views of tlie apparatus used are pictured in Figs. 1 
and 2 respectively, A strip of teak ah, with another piece of teak c 
fastened on to it at right angles, is pivoted at a in a five-ply board d. The 
pivot is formed by one horizontal arm of a four-way metal tube e, which is 
firmly attached to the teak strip ab. Into the lower end of this metal 
tube is sealed a glass tube/of suitable cahbre, which is held further dowm 
by the screw collar g. The lower part of the glass tube is bent round 
parallel to the teak strip c and has a flanged end, A second glass tube of 



Fig. 1. Front view of apparatus Fig. 2. Back view of apparatus 

described in text. described in text. 


the same calibre, with one end h flanged and the other end h closed, is 
held in position by a screw collar i and can be moved backwards and for¬ 
wards without rotation by a special device at/ An adjustable pointer on 
the glass tube Kk indicates on a millimetre scale I the distance between the 
flanged ends of the glass tubes. A copper shoe m on the end of the teak 
strip ab is connected by a wire to the metal pivot tube, and makes contact 
with a series of thirty-one metal studs between n and %. These studs are 
all wired together at the hack of the board, and are so arranged that they 
flash on the 4 volt bul|)s oo at 2 cm. pressure intervals as the shoe passes 
round the semicircle from n to n^. There are two taps on the four way 
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metal tube e; p k opened to let out air or fluid, q controls tbe socket r. 
The back view of the apparatus (Fig. 2) shows a detachable pipette 
which fits tightly, by means of an India rubber collar, into the pivot arm 
of the four way metal tube. The left-hand end of the pipette in the figure 
is open to the air. There are four rollers, shown in continuous black; the 
two lower ones are of wood with metal flanges, the two upper ones of 
brass. The gramophone motor indicated in the figure drives the upper 
wooden roller, and photographic paper (12 in. Kodak ''Nikko’’ bromide 
soft) is thereby wound ofl the lower motor roller, and in its course passes 
over the left-hand brass roller, under the pipette, and over the right-hand 
brass roller onto the upper wooden roller. When records are being taken, 
the metal plate t is placed in position above the brass rollers and below 
the pipette, and the central slit in it lies immediately under the pipette. 
The lever u, when pushed to the left in Fig. 2, starts the motor and switches 
six volts into the lighting circuit, so that the lights flash on whenever the 
shoe m touches one of the metal studs in the semicircle 71 %^. 

The isolated vein is tied over the flanged ends of the glass tubes and 
the tube-vein-tube-pipette system is filled through the free end of the 
pipette with Einger’s solution at appropriate temperature. While this is 
being done, tap q is kept shut and tap p is left open until all air has been 
expelled. Then tap p is shut, a syringe inserted into socket r, tap q opened, 
and the meniscus of fluid in the pipette adjusted to a suitable point by 
withdrawal of fluid into the syringe. Tap q is then shut and the syringe 
removed. Eotation of the teak strip ab round the semicircle from n to 
% causes the vein to be exposed to internal pressures of Einger^s solution 
from 0 to 30 cm. and back again, and a photograph of the meniscus in the 
pipette is taken, at every 2 cm. pressure difference, upon the paper moving 
underneath the sht. The rotation of the teak strip is done by hand in red 
light in a thermostat room at 37° C. 

Eesults. 

Dogs, As the technique varied very little, one experiment only need 
be cited at length. First, the apparatus was put into the thermostat room. 
Then a dog weighing 14 kg. was tied down on its left side, and the normal 
extent of its respiratory movements noted. A subcutaneous injection of 
atropine sulphate was made, and thereafter anaesthesia was induced with 
ether and chloroform. The skin over a portion of the left hind limb was 
incised and a venous cannula inserted into a vein thus exposed, Nembutal 
^^844” sterile solution, in the dosage of 1 c.c. per 5 lb. body weight, was 
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injected thLiongli tlie cannula over a period of eight minutes, the general 
anaesthetic being discontinued after the first two or three minutes of the 
injection. A tracheal cannula was next inserted, and artificial respiration 
was begun. The skin over the right thoracic wall was reflected and, during 
a temporary cessation of artificial respiration, a large portion of the wall 
was removed. Then artificial respiration was resumed for some minutes. 
In the meantime a clip was attached to the diaphragm by the side of the 
caval foramen; to this clip was fastened a string and to the string a rubber 
band, looped over a nail on a centimetre scale. When artificial respiration 
was again discontinued, the diaphragm resumed its contractions, and the 
excursion of the string-rubber junction was noted on the centimetre scale 
at a time when the respiratory movements were approximately as great 
as those previously observed in the intact animal. The excursion of the 
whole thoracic inferior vena cava, so determined, was about 15 mm. Two 
points on the surface of the vein were then marked lightly with a cautery, 
and the distance between them measured at the expiratory length of the 
vein; this was 44 mm. The length of the superior vena cava was also 
measured between two fixed points. The thoracic inferior vena cava was 
cut out of the body, and tied on between the glass tubes of the apparatus 
at less than its expiratory length. Einger’s solution was run in, the vein 
adjusted to its expiratory length, and the meniscus in the pipette brought 
well away from the free end with 30 cm. solution pressure inside the vein. 
A quick test was made without a photographic record being taken, and it 
was found that the volume of the vein at 44 mm. length and 4 cm. 
Einger’s solution pressure equalled the volume at 54 mm. length (mode¬ 
rate inspiration) and 20 cm. pressme. The length of the vein was again 
adjusted to 44 mm. and three photographic records were taken at pressures 
from 4 to 30 to 4 cm. Einger’s solution, and at lengths of 44 mm., 54 mm., 
and 57 mm., the last being the observed inspiratory length of this piece 
of the total vein. When the records had been taken, the volume of the 
vein at 57 mm. length and 30 cm. pressure was measured by filling the 
whole system, sealing the free end of the pipette, and withdrawing the 
fluid in the vein through the tap q (Fig. 1) by means of a syringe inserted 
into the socket r. This volume was 5*0 c.c. Then the superior vena cava 
was tied on at its normal length, and a record taken of its volume changes 
with pressures of Einger’s solution from 2 to 30 to 2 cm. Its volume, when 
measured at 30 cm. pressure, was 6*5 c.c., but the whole length of the 
vein was not used. 

The results are shown graphically in Fig. 3. (The kink in curve I was 
due to the screw-collar at i being a little too slack, and was not due to the 
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vein in any way. Eecording is best done rapidly, and it is not easy to 
alter tbe length quickly if this screw collar is too tight.) It seems probable, 
from the graph, that the volume of the thoracic inferior vena cava 
diminishes a little in inspiration. The curve for the superior vena cava 
was plotted from the averages of the double readings. 



Fig. 3. Graph showing the volume of the isolated thoracic inferior vena cava of a dog at 
different lengths and pressures, and of the isolated superior vena cava of the same dog 
at different pressures. Curve I, inferior vena cava at expiratory length, 44 mm. : 
Curve II, at 54 mm.; Curve III, at 57 mm. {observed inspiratory length). Curve IV, 
superior vena cava. Ordinates: volumes in c.c. Abscissae: pressures in cm. Binger’s 
solution. 

The results with the veins from the other five dogs were similar in 
character to those already described. In the case of the thoracic inferior 
vense cavse, they were in brief: 

(1) Volume at expiratory length, 42 mm., and 6 cm. pressure, was 
5*7 c.c. Volume at inspiratory length, 52 mm., and 30 cm. pressure, was 
5*3 c.c. 

(2) Volume at expiratory length, 36 mm., and 6 cm. pressure, was 
equal to the volume at inspiratory length, 44 mm., and 30 cm. pressure. 

(3) Diffusion was seen to be taking place through the wall of this vein 
during the experiment, but even so the recorded volume at expiratory 
length and 20 cm, pressure was equal to that at inspiratory length and 
30 cm. pressure. 
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(4) Voliiiae at expiratory length, 45 mm., and 4 cm. pressure, was 
greater by 14 p.c. than the volume at 53 mm. length and 30 cm. pressure. 

(5) Volume at expiratory length, 43 mm., and 9*5 cm. pressure, equalled 
the volume at 53 mm. length and 30 cm. pressure. 

From the intrapleural pressure records in the literature, one would 
gather that the changes in the intramediastinal pressure are likely to be 
much less than those necessary in the above experiments to equalize 
inspiratory and expiratory volumes, i.e. this vein in the dog probably 
decreases in volume in inspiration, if structure and intramediastinal 
pressure are the only two factors which are concerned. 

Cats, The technique was similar, except that tubes with smaller 
flanges were used, no photographic records were taken, and only the 
thoracic inferior venae cav^ were tested. The results were even more 
marked than the canine ones: 

(1) Yolume at expiratory length, 30 mm., and 4 cm. pressure, was 
0-84c.c. Volume at inspiratory length, 37 mm., and 30 cm. pressure, was 
0*68 c.c. 

(2) Volume at expiratory length, 30 mm., and 4 cm. pressure, was 
0*8 c.c. Volume at inspiratory length, 40 mm., and 30 cm. pressure, was 
0-72 c.c. 

(3) Volume at expiratory length, 27 mm., and 4 cm. pressure, was 
0-75 c.c. Volume at inspiratory length, 35 mm., and 30 cm. pressure, was 
0-68 c.c. 

Rabbit Only one rabbit was used. The volume of its isolated thoracic 
inferior vena cava at expiratory length, 28 mm., and 4 cm. pressure, was 
0*91 c.c., at inspiratory length, 33 mm., and 30 cm. pressure, was 0*87 c.c. 

In all the dogs, and in at least one of the cats, there was a band of 
diaphragmatic muscle passing over the inferior vena cava at the caval 
foramen. This has been noted before [Franklin, 1933] as worthy of 
more careful investigation, for it might constrict the vein at this point 
in inspiration. In one of the dogs it certainly did so, but further work is 
necessary before any general statement can he made, and only this passing 
reference will be iuserted here. 

As a control to the experiments recorded above with the isolated vein, 
Dr Eobert Janker (of the Eontgeninstitut der chirurgischen Uni- 
versitats—^Klinik und Poliklinik, Bonn) kindly undertook to make for 
the writer an X-ray cinematograph film. X-ray opaque substance 
(Perabrodil or Thorotrast) was injected into the femoral veins of four 
cats and a record taken in each case of its progress along the inferior vena 
cava to the heart. In Figs. 4 and 5 a thoracic inferior vena cava is shown 
in expiration and inspiration respectively, and it is quite clear that the 




Figs. 4, 5, X-ray cmematograph pictiixes shomng the thorax of a cat in the expiratory 
(Fig. 4) and inspiratory (Fig. 6) phases of a respiratory cycle. X-ray opaqne substance 
in the inferior vena cava, showing black in the photographs. /. 7.(7. Inferior vena cava. 
V.O, Vertebral colnnm. D. Anterior edge of diaphragm shadow, if. Heart. 
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yolnme of tlie vein is less in the latter phase. From the results of the 
writer’s work, it is certain that one of the factors causing this diminution 
in volume is the structural peculiarity of the vein and its lengthening in 
inspiration. When the film is projected, it leaves no doubt in the mind of 
a spectator about the correctness of the views stated above, and thereby 
tends also to justify the suggestions, made elsewhere in this paper, about 
the intramediastinal pressure variations. 

Discussioisr. 

Haller [1756, 1760, 1762] was the first to investigate in detail the 
effects of respiration upon the veins and upon the movement of the blood 
within them. His general conclusion [1762, p. 300] was that in inspiration 
the blood was dammed back in the abdominal inferior vena cava and 
flowed in more freely from the superior vena cava, in expiration the 
opposite. In inspiration, also, owing to the increased volume of the 
vascular bed in the lungs, blood flowed more freely into these organs from 
the heart, and into the heart from the vena cava. It is to be remembered 
that in most of Haller’s experiments no narcotic was used, and doubtless 
in many cases the respiration was excessive and dyspnoeic. Under such 
circumstances the thoracic inferior vena cava would lengthen to its 
maximum in inspiration, and it is highly improbable that the great 
diminution in volume of the vessel, which its structure would tend to 
impose with this degree of lengthening [Franklin, 1931, 1932, 1933], 
would he counterbalanced by the effect of the decrease in intramediastinal 
pressure (Fig. 3). Haller found that the inferior vena cava between the 
kidneys and diaphragm emptied itself and collapsed in inspiration, while 
in expiration it filled up and became round. He also noted a back-wave of 
blood or of injected air in inspiration in this portion of the vein. Haller’s 
results can be understood if the volume of the thoracic portion of the vein 
and its lumen become smaller in inspiration, for at the onset of this phase 
some of the blood in the vein would be pushed backwards towards the 
abdomen, some towards the heart, and thereafter the inflow would tend 
to be less through the narrowed tube. Hence, after an initial extra inflow 
of blood from this vein into the heart, the inflow from the superior vena 
cava would be easier and this vein might itself be increasing slightly in 
volume. In this connection Haller’s experiment on a suckling pig 
[1756, p. 184] is of very great interest, because the respiratory oscillations 
in the tributaries of the superior vena cava continued in their entirety 
even after the chest had been opened on one side. This would rule 
out intramediastinal pressure changes. 
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Since tke beginning of tbe nineteenth, century [Barry, 1826] the 
conception of these pressure changes has gradually come into physiology, 
and theoretical considerations of their effects upon the intrathoracic veins 
have replaced anatomical and experimental investigation. 

It is now suggested that the volume of the thoracic inferior vena cava 
decreases in inspiration in those mammals, in which this vein lengthens 
in inspiration, and has a particular structure [Franklin, 1931, 1932]. 
The dog, the cat, and the rabbit are among such mammals, the guinea-pig 
is not. But the guinea-pig breathes so rapidly that its fluctuations of 
intramediastinal pressure are probably very small, and in any case they 
can only act for fractions of a second, so the volume changes are probably 
insignificant. 

The superior vena cava in most mammals will tend to increase slightly 
in volume and perhaps also in calibre in inspiration, but from all the 
evidence one would imagine that such increase is small 

In man the thoracic inferior vena cava is of small length and volume^ 
and probably undergoes little variation in volume. Keith [1962], how¬ 
ever, has suggested that the hepatic portion of this vein may be compres¬ 
sed during inspiration between the right crus of the diaphragm and the 
liver. If Keith’s idea is correct, and one cannot accept in their entirety 
anatomical findings unchecked by physiological experiment, then dia¬ 
phragmatic contraction would produce in man, by slightly different 
means, an effect similar to that which it produces in the dog, cat and 
rabbit. Keith’s view would also explain Mosso’s findings [1884]. 

On the whole, then, it would seem that respiration has little effect 
upon the total volume of the two intrathoracic venae cavae taken to¬ 
gether. The great increase in blood volume within the thorax, which 
occurs in inspiration, must be due to increase in volume of the heart 
(Tanker’s films have shown that this dilates) and of the lungs. 

SUMIVIABY. 

Experiments on the isolated veins of the dog, cat, and rabbit, lead 
one to believe that the thoracic inferior vena cava decreases somewhat 
in volume in inspiration, and that the superior vena cava increases some¬ 
what in volume in the same phase of respiration. That the volume of the 
cat’s thoracic inferior vena cava does decrease in inspiration is shown by 
X-ray photographs taken by Dr Janker. 

I wish to thank Prof. J. A. Gunn for the interest he has shown in this 
work; to our laboratory staff, especially to Mr Tuckey, I am indebted 
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for ready co-operation at all times. I also wish, to acknowledge help given 
to me in the conduct of experiments by Mr B. B. Hickey, of University 
College, Oxford. The work has been made possible by the generosity of the 
Rockefeller Foundation, and forms part of a study of the venous return 
in mammals; I wish here to record my great gratitude to the Foundation 
for its support. Finally, I should like to thank Dr Janker for making 
the X-ray film of the cats, and Prof. I. de B ur gh D aly for many references 
to work on intrathoracic pressures. 
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EFFECT OF BREATHING ON THE INTRA¬ 
ABDOMINAL PRESSURE^. 

By W. H. WILSON. 

{From the Department of Physiology, Faculty of Medicine, Cairo.) 

The greater part of the work on this subject has been done in regard 
to the pathology of enteroptosis. Keith [1907], in an article on this 
condition, gives figures for the pelvic and intra-gastric pressures found 
by himself and other observers. In observations made in 1895^ he found 
that in the erect posture the pressure just below the diaphragm varied 
in an adult man from +4 to +8 mm. Hg, the rectal pressure from 
4- 20 to + 28. In the recumbent posture the intra-gastric pressure rose 
to 16 mm. Moritz [1895] found a rectal pressure of 28 mm., the part 
of this due to the superincumbent weight of the viscera being 20 mm., 
the part due to the tonus of the abdominal muscles (gastric P) 8 mm. 
Schwerdt [1896] observed a rectal pressure of 35 mm. of which 27 were 
due to gravity. These observers agree in finding a rise averaging 4 mm. 
during normal inspiration with a fall to the original pressure in expiration. 

Some observers have found a negative intra-gastric pressure during 
deep inspiration. Keith ascribes this to the fact that their subjects 
suffered from the loss of abdominal muscular tone seen in enteroptosis 
in which condition the sub-diaphragmatic pressure may be constantly 
negative, this being increased by the expansion of the upper part of the 
abdomen in deep inspiration. Moritz found in twelve out of thirteen 
normal persons an increase in intra-gastric pressure proportional to the 
depth of inspiration. With maximal inspiration he observed that the 
pressure in the stomach rose to 35, in the rectum to 64 mm. Hg. With 
sustained inspiration this pressure fell slowly owing, he believed, to the 
gradual relaxation of the tone of the abdominal muscles. Both in normal 
and deep breathing the pressure fell at the end of inspiration to the 
base line, not rising again until the beginning of the next inspiration. 

^ THs paper formed the subject of a commumcation at the meeting of the Society 
00 July 1,1933. 

2 See reference, Keith, A. 1923. 
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I have ventured to draw attention to this somewhat forgotten subject 
because the values quoted and those shown in the figure give an indica¬ 
tion of the magnitude of the assistance given to the venous return in a 
healthy man by the abdominal pressure and the changes it undergoes 
in inspiration. In addition the graphic records given by Moritz [1895] 
and my own results support the view that expiration, at any rate in 
so far as the abdominal muscles are concerned, is a passive process of 
elastic recoil. 

Method. 

The observations recorded were made some years ago in the course 
of an investigation of the intra-pleural pressure by an indirect method. 
Two mercurial manometers were employed registering simultaneously, 
one the expiratory force (the intra-pulmonary pressure) in an expiratory 
effort starting from maximal or lesser degrees of inflation of the lungs, 
the other the corresponding intra-gastric (extra-pulmonary pressure). 
The reading of the second deducted from that of the first gives a figure 
which represents that factor in the expiratory pressure which is due to 
the elastic contraction of the inflated lungs, and which is therefore a 
measure of the intra-pleural negative pressure. In the investigation 
referred to the pleural pressure in three healthy adult men was found 
to be with maximal inspiration from —14 to —16 mm. Hg. {Note, Not 
yet published.) Through the mouthpiece to which the first manometer 
was attached passed a thin rubber tube 18 in. long, ending in a small 
rubber bag. External to the mouthpiece this tube was attached to the 
second manometer. The bag, which had a size of about 2-6 cm. by 1*5, 
when filled with air, was swallowed partially deflated and a sufldcient 
quantity of air was afterwards injected through a T-piece on the mano¬ 
meter connection. The observations were made about 3 liours after a meal, 
swalowing being assisted by a small draught of water. Moritz employed 
a similar method with a somewhat larger bag and a water manometer. 

The pressure changes in the intra-gastric pressure accompanying 
different types of breathing are illustrated in Fig. 1. 

Eestjlts. 

Graph I in the figure shows a record of the two manometers, the 
upper {B) giving the expiratory force, the lower (M) the intra-gastric 
pressure. Before expiring into the mouthpiece the subject filled the lungs 
(not to the maximal extent). The effort was sustained for 20 sec. with an 
intra-pulmonary pressure of 43 mm. The corresponding intra-gastric 
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Eig. 1. Respiratory changes in intra-gastric pressure. 

I. Subject A. H. Posture: sitting erect. A. Intra-gastric pressure: rise of P=34 mm. Hg. « 

JB. Intra-puimonary pressure: rise of P=43mm. Hg. Intra-gastric P at base line 
A = 6 mm. Hg. To right of record on base line A pressure changes due to voluntary 
deep breathing. To left of record elevations of pressure accompanying hyperpncea. 
Read right to left. Time record 1 sec. 

II. Subject D. N. Posture: sitting erect. Voluntary hjyjerpnoea. Rate of breathing 15 per 
min. Max. rise of P=40. A. Base line of intra-gastric pressure: P=5 mm. 

III. Same subject and posture. Maximal inspiration followed by maximal voluntary 
expiation. A. Base line of intra-gastric pressure: P=5min. Preliminary normal 
breathing (to right of record). Inspiration rise of P=:3mm. Max. inspiration rise 
of P {3rd curve) =45 mm. Max. expiration rise of P (1st curve) =23 mm. Hg. I. Inspira¬ 
tion. E. Expiration. In both II and III breathing was unobstructed through mouth. 
Read right to left. Time record 2 sec. 
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pressure being 34 mm. This was preceded by a few fairly deep voluntary 
breaths and followed by rapid deep breathing, the dyspnoea resulting 
’from the effort and absence of breathing. The effect on the intra-abdominal 
pressure is seen in the lower tracing, the rises corresponding to inspira¬ 
tion, the falls to expiration. The maximum rise of pressure accompanying 
the dyspnoea was 24 mm. Hg. The base hue represents a pressure of 
about 6 mm. The fall below this, seen during the dyspnoeic hyperpnoea, 
is probably due to a relaxation of the abdominal muscular tone following 
the effort or resulting from the rapid breathing. The record of the upper 
manometer shows no indication of the breathing, as the mouthpiece was 
only in place during the expiratory effort. 

Graph II shows the effect of voluntary deep breathing at a rate of 
15 per mm., no effort being made to fill the lungs completely. The rise 
of pressure in the stomach accompanies inspiration (max. 40 mm. in 
4th breath) falling to the original base line when inspiration ceases. The 
intermediate slight rises are due to oscillations of the mercury. 

In Graph III the subject was instructed to fill the lungs to thek 
maximal extent, and follow this by a slow maximal expiration. 

At the commencement of the record some small pressure changes due 
to normal breathing occur, a rise of 3 mm. with inspkation, falling to 
the base line in expkation. During the forced breathing it will be seen 
that in the thkd curve the intra-abdominal pressure reached 45 mm. In 
this case inspkation was maintained for 5 sec., the gradual fall of pressure 
during that period probably corresponds to the slow relaxation of tone 
of the abdominal muscles observed by Moritz under similar conditions. 
With cessation of inspkation the pressure falls to the base line to rise 
again with forced expkation, 23 mm. being reached in the fourth curve. 
In this observation, as in that shown in Graph II, breathing was un¬ 
obstructed. 

Discussion. 


From the records described above it is evident that, except in 
Graph III (and to a lesser extent in the first part of Graph I), where 
expkation is volnntarilj carried beyond the normal limit, there is no 
such rise in the intra-abdominal pressure preceding inspkation such as 
would correspond to the active participation of the abdominal muscles 
in expkation. The results are, in fact, exactly those which would be 
expected if the abdominal walls were composed simply of an elastic 
material, 

A further point of interest in connection with the form of the respka- 
tory cycle appears in these records. It is shown in the pressure changes 
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accompanying normal breathing in Graph III, but is better seen in 
Moritz’s observations with a water manometer [Moritz ( 1895 ), Fig. 5 , 
p. 333], both in normal and deep breathing. Between the first phase of 
expiration and the succeeding inspiration the graph of intra-gastric 
pressure shows a horizontal line, indicating that in the cycle of dia¬ 
phragmatic breathing a pause of some duration occurs forming the second 
phase of expiration. Gad and Head describe this pause as normal for 
the rabbit. M, Hammouda and I have described it as being present in 
the anaesthetized or decerebrate dog. Its occurrence in the normal 
human cycle has, however, been disputed [Schafer, 1932]. The intra- 
abdominal pressure changes suggest that the pause is normal in human 
diaphragmatic breathing. 

The influence of the movements of respiration in aiding the return of 
blood to the heart is of course weU recognized. In relation to the figures 
given, it is of interest to consider briefly the extent of this influence of 
the intra-abdominal pressure and the changes it undergoes in normal and 
deep inspiration, combined with the corresponding changes in the intra- 
thoracic pressure on the return of blood from the vena cava and the 
organs whose veins open directly into it. The following figures indicate 
the value of the assistance given in an adult man standing or sitting erect 
under conditions of {a) normal expiration, {h) normal inspiration, 
(o) maximal inspiration: 

(a) Pelvic P 28 mm. Hg. Thoracic P -6 Combined effect 34 mm. 

(&) „ 32 „ „ -8 „ 40 „ 

(c) „ 68 jf ft —15 ,, 83 „ 

Converting the combined figures into centimetres of blood, [a) represents 
43, (6) 51, and (c) 105. The following measurements may be compared. 
The average height of the dome of the diaphragm above the pelvic floor 
is given by Keith as 36 cm. The height of the right auricle (entrance) is 
about 40 and the highest point of the venous system (vertex) 83 cm. 
above the pelvic level. Muscrdar exertion may raise the abdominal 
pressure 30 mm. or, if the exertion is great (c.a. lifting or sustaining a 
heavy weight), considerably more. The value of the assistance given, 
against gravity, by the intra-abdominal P to the venous circulation is 
evident. 

The chief abdominal organ affected by these pressure changes is the 
liver. It is clear that an increase of 46 mm. in the sub-diaphragmatic 
pressure must, by compressing that organ, greatly assist the outflow of 
blood into the hepatic veins and vena cava. The subject is possibly of 
more clinical than purely physiological interest. In conditions in which, 
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owing to a lack of tone in the abdominal muscles, a very low or negative 
sub'cliaphragmatic pressure exists, it is easy to understand to what an 
extent the return of blood from the abdominal organs and the vena cava 
may be hampered. 

Summary. 

1. There is a rise in intra-abdominal pressure during inspiration 
proportional to the depth of inspiration. 

2. No rise of pressure occurs in normal expiration such as would 
occur if the abdominal muscles took an active part in that act. 

3. In deep breathing the abdominal pressure may exceed the maxi¬ 
mum blood-pressure in the vena cava due to gravity. 
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THE ELECTRICAL RESISTANCE OF 
STIMULATED MUSCLE. 

ByW. HARTREK 

{From the Physiological Laboratory, Cambridge.) 

The observations recorded bere arose from an attempt to verify, or 
explain, certain anomalous results wHch appeared in tbe analyses of tbe 
initial beat production of stimulated muscle. In some of these tbe usual 
clear division of tbe initial beat into two phases, corresponding respectively 
to contraction and relaxation, did not occur, but subsidiary waves or 
other anomalies were present [see Hartree, 1931]*. Earlier experiments 
were all at 0° C., but further cases of tbe same kind have recently occurred 
at room temperature, in tbe beat analyses to be described in the sub¬ 
sequent paper, using tbe very rapid Moll microgalvanometer and tbe 
quickest thermopile available. It seemed possible that tbe irregularities 
found might be due to changes in tbe thermal contact between muscle 
and thermopile during the alterations of tension associated with con¬ 
traction. Moreover, even when tbe muscle was held as rigidly isometric 
as possible, small movements would undoubtedly occur, and these might 
change tbe flow of beat from muscle to thermopile and so afiect the results 
of tbe analysis. 

A possible test for tbe accuracy of tbe analyses, and a means of finding 
out whether such disturbances did in fact occur, was suggested by Prof. 
A. V. Hill as follows: Record the thermopile-galvanometer deflection 
curve (1) on stimulation, (2) on beating by a known amount with a high 
frequency current producing no stimulus, (3) on stimulating and beating 
simultaneously. If contraction affected tbe flow of beat from muscle to 
thermopile, then tbe difference between (3) and (1), which is tbe result 
of heating by tbe high-frequency current during contraction, should be 
different from (2), which is due to beating by the high-frequency current 
at rest. If the curve obtained by subtracting curve (1) from curve (3) 
were not the same as curve (2), this could be attributed to the same heating 
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liaving a different effect on tlie thermopile when the muscle was stimu¬ 
lated and when it was at rest, owing to change of shape, change of posi¬ 
tion, or change in degree of thermal contact. 

It appeared immediately that the difference between curve (3) and 
curve ( 1 ) not only differed from curve (2) in shape but was also consider¬ 
ably smaller {about 8 p.c.). The latter result suggested the possibility that 
the resistance of the muscle was altered by stimulation, and this might be 
due, at least in part, to a change in the amount of muscle between the 
electrodes during contraction. It might, however, be caused by a genuine 
change in the electrical conductivity of the muscle during activity, due 
to one or other of the physico-chemical changes associated with con¬ 
traction. The latter possibility was important enough to require further 
investigation. 

The heating current employed was produced by the valve oscillator 
referred to in a previous paper [Hartree, 1932]; the frequency employed 
was about 100,000 cycles per second; the strength of the current C was 
measured by a vacuo-junction supplied by the Cambridge Instrument 
Company. The hot wire of the vacuo-junction was in series with the 
muscle: its thermocouple was connected either to the Moll galvanometer 
or to the moving magnet galvanometer usually employed. On stimulation 

was always greater (for the same oscillator volts) by about 7 p.c., and 
since C^M (where M is the muscle resistance) was 8 p.c. less, it appeared 
that the resistance between the electrodes fell about 15 p.c. on stimulation. 

A simple way of observing the effect without measuring it was to 
apply a steady heating current of appropriate strength and, when the 
deflection of the vacuo-junction had settled, to stimulate the muscle. This 
resulted in an appreciable increase in the deflection measuring the current 
in the vacuo-junction, which soon disappeared when the stimulus was 
over. 

It was observed, however, that when the muscle was stimulated, 
although the ends were fixed as definitely as possible at the bone and the 
tendon respectively, there was yet a very appreciable motion in the 
muscle due to the thicker part near the bone extending the thinner part. 
The actual motion, of the surface at least, can be seen by placing some 
very small pieces of thread on the muscle and watching them when the 
muscle is stimulated. The motion of the part several millimetres from the 
bone end is inappreciable, but that of the thin end, which may extend 
6-8 mm. above the top edge of the thermopile, is considerable. This may 
result in as much as 2 mm. of the muscle passing on to the thermopile 
during contraction and rather less passing the top electrodes, but quite a 
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sufficient amount to dimimsli tKe resistance between the electrodes 
considerably. 

The muscle, a frog’s sartorius (English R. temp.), was therefore set up 
in the reverse position, the bone being at the top and held by the wire to 
the tension lever. The lower electrode was near the bottom edge of the 
thermopile, and the tendon held at 2 mm. below this served to avoid 
having a very thin part of the muscle at this electrode. There was certainly 
less change than before in the amount of muscle between the electrodes 
and on the thermopile during contraction. The motion past the top elec¬ 
trode, though some distance from the bone, was inappreciable, and that 
past the bottom electrode was much less than before, as there was so much 
less thin muscle beyond the electrode to be extended. Even in this case, 
however, it is quite appreciable, and readings by thermopile and vacuo- 
junction taken as before showed an apparent fall of resistance of 7 or 
8 p.c., instead of 15 p.c., on stimulation. 

Analyses of the initial heat with the muscle in this position are 
smoother and more regular than previously, which probably shows that 
there is less motion of the part of the muscle on the thermopile than there 
was when it was set up in the usual position. 

The galvanometer sensitivity was now increased so that the stimula¬ 
ting current only, when passed through the vacuo-junction for 1 sec., 
produced a good deflection (about 100 mm.), and photographic records of 
the deflection were made when stimulating the live muscle for 1 sec., 
when passing the same current through the muscle when dead for 1 sec., 
and also when passing a constant current through a carbon resistance for 
1 sec. The three deflection curves, when reduced to the same maximum, 
were so similar that there was no doubt that there is little change, if any, 
of the stimulating current during the stimulus, so there can be little change 
of t^ie resistance of the muscle during contraction. This method of course 
will not show if there is a sudden change of resistance immediately on 
stimulation. 

The deflection curve can be analysed to give the current at different 
times during stimulation, using for the control a curve obtained by pass¬ 
ing a current for 1/20 sec. through the vacuo-junction. Such analyses, 
however, are hardly necessary. 

Lastly, a comparatively large steady heating current from the valve 
oscillator was sent through the muscle and the vacuo-junction, giving a 
deflection of 1200-1500 mm. The spot of Hght was brought back to the 
scale, and a stimulus given with a view to investigating the change of the 
heating current during stimulation. With the sensitivity used the stimu- 
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lating current itself, in parallel with the oscillator heating current, had 
a considerable effect on the vacuo-junction reading. To avoid this it was 
necessary to stimulate by the nerve, and in order to eliminate as far as 
possible any effect due to the motion of the muscle past the electrodes, 
Prof. A. V, Hill kindly supphed an insulated frame with two rigid silver 
electrodes suitably placed, to which the muscle could be firmly tied. This 
frame was equipped with a pair of stimulating electrodes, on which the 
nerve to the sartorius could be laid. 

Ten experiments were made with this arrangement, and the results 
were quite conclusive in showing that when movement is prohibited as 
far as possible there is no measurable change in the electrical resistance of 
the muscle during contraction. The extra dejfiection on stimulation for 
1 sec. varied between —10 and -f 9, the mean being about —1. The total 
deflection was about 1400, so that the electrical resistance was unaltered, 
on the average to within about 1 part in 1000 during contraction. All 
results to the contrary are presumably due to movement, change of shape, 
or similar disturbing factors. 

Even when the muscle was tied firmly to the electrodes and there could 
he little or no motion past them, it was obvious that there was still a 
change of shape of the part of the muscle between the electrodes, due to 
the extension of the thinner end by the contraction of the thicker. The 
maximum motion observed was about 1 mm. Such change of shape must 
necessarilyresultinaslight increase of resistance, which no doubt accounts 
for the negative change {Le, diminished heating) observed in some cases. 
As regards the positive results, it could be seen that the motion of the 
muscle past the electrode near the thicker end was very small, even when 
untied: the motion, however, past the electrode near the thinner end was 
always in the direction of the thicker end and might he quite large if 
the muscle were not tied there: thus the effect of any motion past the 
electrodes due to insecure tying up (and it is impossible to tie very tightly 
owing to danger of injury) is such as to increase the amount of muscle 
between the electrodes, and so to diminish its resistance and increase the 
heating. 

Since the maximum effect of contraction on the resistance is less than 
1 p.o., and since the mean is less than errors of observation, it seems clear 
that there is no real change of resistance during contraction. 

It is not easy to reconcile the above results with two papers by 
McClendon [1912, 1927]. In his second paper McClendon found that 
the impedance of a muscle to a current of 1000 cycles was very much 
greater when the muscle was at rest than during stimulation. The method 
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was to place the muscle between two platinum plates and to determine 
the conductivity (a) when the current passing between the plates was too 
small to excite, and (6) when it was large enough to produce contraction* 
It is possible that the difierence between the present results and 
McClendon’s is due to the fact that he employed an alternating current 
of relatively low frequency, so that the impedance he measured may have 
been due in part to the impermeability of membranes. With the high- 
frequency current employed in the present experiments the membranes 
can have produced very little ehect. It is not safe, however, to assume 
that conductivity is the same with a large current as vuth a small one, and 
this and other reasons may have led to McClendon’s result. It is 
impossible, in view of the present results, to suppose that any considerable 
change in the real conductivity of the muscle can have occurred during 
contraction. 

Summary. 

When the movement of a muscle past the electrodes is prevented, its 
electrical resistance to a current of 100,000 cycles per sec. is not measur¬ 
ably aSected by stimulation. The physico-chemical changes, therefore, 
during contraction are not such as to produce a measurable increase in the 
number of ions free in the muscle fluid, or in their mobility. 
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A REVISED ANALYSIS OF THE INITIAL 
HEAT PRODUCTION OF MUSCLE. 

By W. HARTREE. 

{From the Physiological Laboratory, Cambridge.) 

When a frog’s sartorius muscle is mounted on a thermopile in the usual 
way, with a considerable length of the narrow part of it beyond the end 
of the thermopile, it can be seen on stimulation that there is an appreci¬ 
able motion of muscle on to the thermopile due to the extension of the 
thinner part by the contraction of the thicker. This may happen although 
the ends of the muscle may be quite rigidly fixed. It is possible that this 
movement may have afiected previous heat analyses to some extent, so 
revised analyses have been made, mounting the muscle in the reverse 
direction. The lower electrode is placed quite close to the end of the 
thermopile, and with the new arrangement the thinner end of the muscle 
is taken only 1 or 2 mm. beyond this electrode and is held firmly by the 
tendon and tied round fairly tightly at the electrode. Thus, during 
contraction, the motion of muscle on to the thermopile at this end is very 
small. At the other end of the thermopile the motion of the muscle on 
stimulation is negligible. Thus, with this method of mounting the muscle 
there can be very little change during contraction in the amount of muscle 
on the thermopile: its shape certainly alters perceptibly but this is 
unavoidable, and it can only be hoped that this change in shape is not 
sufficient to have such an effect on the flow of heat from muscle to thermo¬ 
pile as to upset analyses made by means of control heating curves taken 
when the muscle is in its resting shape. 

Results. 

A. Twitches. 

The results of the analyses in several experiments on single twitches 
at 0° C. were at least fairly uniform. Two curves are given in Figs. 1 and 2, 
these being somewhat similar to Fig. 5 in a previous paper [Hartree, 
1931], Since no cases like the anomalous figures with multiple humps,” 
or drawn out initial outbursts (Figs. 6 and 7 in that paper), were found. 




0 0-2 0-4 0*6 0-8 1-0 


SECOND 
Fig. 1. 



0 0-2 0-4 0-6 0-8 1-0 


SECOND 
Fig. 2. 

Figs. 1, 2. Single isometric twitcEes of frog’s sartorins (English R, temp.) at 0® C. Full 
lilies: results of heat analyses using control with 0*05 sec. heating and starting with two 
steps of 0*05 see. Dotted Hnes: results of analyses of the same curves usmg control 
with 0*1 sec. heating (for comparison see text). Broken lines for tension curves: these 
show in every case a distinct “shoulder” between 0*4 and 0*45 sec., presumably due to 
friction between muscles and upper electrode. The tension curve ends very closely with 
the heat curve, between 1-0 and 1*2 sec., but cannot be shown clearly beyond I sec. 
Fig. 1 refers to one pair of muscles and Fig. 2 to another pair, these two experiments 
being chosen to show the greatest observed difference before 0*1 sec. Cases a refer to 
early stimuli and cases b to later and somewhat stronger stimuli. 

The unit for the vertical scale is the total initial heat per sec. for each case. 
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it must be admitted that tbe peculiarities there shown were probably due 
to motion of the muscle on, or on to, the thermopile affecting the flow of 
heat from one to the other. 

The course of the heat production during a twitch occurs in two 
phases, as has always been found before. If we regard the mechanical 
response as due to the formation and decay of some substance, or to the 
development and disappearance of some physico-chemical state, it is 
natural to associate one phase of the heat with the formation or develop¬ 
ment, the other with the decay or disappearance. Eegarding the matter 
in another way, the first phase is waste heat in the development of 
tension, the second is potential energy degraded as the contraction dis¬ 
appears. It is possible, however (though see the discussion of Fig. 3 
below), that the '‘dip” at 0*1 sec. may possibly be due either (u) to 
motion of the muscle during the rise of tension, or (6) to part of the muscle 
being less active than the rest. 

Every precaution was taken to reduce the effect of motion of the 
muscle, and in the experiments referred to it is believed that the change 
in the amount of muscle on the thermopile during contraction was 
negligible; there is still the possibility, however, of an effect due to the 
change of shape, and this cannot be avoided. 

As regards (b) it was noticed that for a single twitch the maximum 
tension seemed to increase continually as the strength of the stimulus was 
increased; thus, although care was taken to give a fairly strong stimulus 
it was always possible that there was some small region of inactivity in 
the muscle, and if the less active part were not in contact with the thermo¬ 
pile the result of such inactivity would necessarily show as a fall in the 
heat rate, i.e. of heat reaching the thermopile, quite soon after the 
stimulus. This possibihty is discussed in another connection in a recent 
paper [Hartree, 1932]. It seems rather unlikely, however, that the 
inactive region would occur so regularly in the same position relative to 
the thermopile as always to give an artificial appearance of a separation 
between the contraction and relaxation phases of the heat production: 
though it must be admitted that the same side of the dissected muscle was 
always outside. 

Without further improvement in technique, however, by which change 
of shape is altogether prohibited, or its possible effect annulled, it does not 
seem possible to obtain more decisive results. 

A few details of tiie analyses should he mentioned. In every case control heating curves 
were taken by passing a high-frequency current through the living muscle for 0*05 sec.: this 
did not stimulate it. When, as in Fig. 2, the heat produced during the jSrst 0*1 sec. is far from 
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uniform, it is necessary, in order to avoid an early large remainder in the analysis, to 
start with two steps of 0*05 sec., but there is no advantage in continuing with steps of less 
than 0-1 sec. From the above control it is easy to construct one for 0*1 sec. heating, and the 
result of using this is shown by the dotted line; it is clear that the use of such a control in 
cases in which the heat rate is varying rapidly does not give a good estimate of the heat 
occurring in each 0-1 sec., and the estimate of that appearing between 0-1 and 0-2 sec. is so 
wrong as to be very deceptive. 

It is obvious that, when using the 0-1 sec. control, any heat really occurring at CM sec. 
will be considered as half from 0 to 0-1 and half from 0*1 to 0*2 sec. Similarly any heat 
really occurring uniformly between 0-05 and 0-1 sec. will he considered as ^ from 0 to 0*1 
and I from 0-1 to 0-2. In Fig. 2 there is large heat from O-Oo to 0-1 sec. (not necessarily 
uniform), consequently the analysis hy 0-1 sec. heating control will necessarily show about 
a quarter of this between 0-1 and 0-2, although in fact there may be no real heat in that 
interval. A further necessary consequence of taking too much heat in the interval 0-1 to 
0-2 is that (to keep the remainders small) too little must be taken in the next step 0-2 to 
0-3 sec., etc., the dotted line “oscillating” on each side of the more correct full line, the 
results being indistinguishable after 04 sec. It happens that the dotted hnes avoid the 
“dip” at 04 sec. and so perhaps give a more reasonable looking result than the full line, 
hut there is no doubt that the full line gives the best result possible from the observations. 

The records for the twitch of Fig. 2a and the corresponding heating control are given 
for comparison with the cases which follow. 


Sec. ... 

... 0 05 

04 


0*2 


0-3 


0-4 


0-5 


0-6 


0-7 

0*8 

005 sec. control 0 5 

50 

152 

289 

434 

564 

680 

776 

848 

901 

939 

963 

980 

991 995 

998 999 

Fig. 2a 

0 

10 


106 


263 


428 


578 


709 


813 

890 

Heat 

0480 -34 

003 


0415 


042 


040 


006 


0035 


0022 


Sec. ... 

... 0*9 

10 


14 


1-2 


1*3 


14 


1-5 


1-6 


0-05 sec. control 1000 999 

998 

997 

995 

994 

992 

990 

988 

986 

984 

982 

980 

978 

976 


Fig. 2a 

943 

975 


988 


996 


999 


1000 


999 


998 



Heat O'Ol approx. 

Details of the thermopile are given in the appendix. A Downing moving magnet 
galvanometer was used, sensitivity 1mm. at 1 m.=6*5 x 10~® amp., critically damped, 
total period undamped 0'81 sec., resistance 12-| ohms. 

B. Tetanus. 

A mimber of experiments were made using tlie Moll microgalvano¬ 
meter constructed by Kipp.. Although this galvanometer is not suffi¬ 
ciently sensitive to give good sized records for a single twitch, it can be 
used with excellent results for a tetanus. At 0° C. a tetanus of 0*5 to 
1*0 sec. would give a deflection of about 50 mm., and at room temperature 
a tetanus of 0*2 to 0*3 sec. a deflection of about 100 mm. The mirror of 
the galvanometer is comparatively large, so good photographic records 
can be taken at a distance of 4 m. and the spot is always very steady. The 
action of the galvanometer is so rapid (total period 0*193 sec.), and the 
thermopile is so quick, that definite analyses can be made using steps of 
only 0*05 sec. This is necessary for experiments at room temperature (see 
below), but the galvanometer was also used for a few cases at 0°C., the 




Fig. 3. Full line: result of heat analysis for 0*6 sec. tetanus at 0° C., employing the Moll 
galvanometer. Broken line for tension. The curves appear to end together. The numbers 
on the vertical scale must be divided by 1*02 to express heat rates in terms of the total 
initial heat per second. 



Fig. 4. Results of heat analysis for stimulus of 0*3 sec. approximately, at 17° C. Full Kne: 
result of heat analysis using Moll galvanometer and steps of 0-05 sec. Broken line for 
tension. Dotted lines for an experiment on another day, with stimulus about 0-28 sec., 
showing very similar results. In each case the heat production lasts much longer than 
the tension, so that only the early part of the heat production after the stimulus can 
be associated with the fall of tension energy. The vertical scale gives the heat rate in 
terms of the total initial heat per second. 









INITIAL HEAT PRODUCTION OF MUSCLE. 497 

result being always very ''smooth/' as in Eg. 3, of which the observed 
curves were as follows: 


Sec. 

0 

0-1 

0-2 

0-3 

0-4 

0*5 

0-6 

0-7 

0-8 

0-9 

0-05 sec. control 

0 

320 

833 

952 

981 

993 

999 

1000 

999 

998 

0-6 sec. stimulus 

0 

16 

73 

125 

169 

213 

253 

292 

324 

349 

Heat 

0-067 

0-054 

0-046 

0-043 

0-040 

0-040 

0-035 

0-025 

0-020 

0-022 

Sec.. 

1-0 

M 

1-2 

1-3 

1-4 

1-5 

1-6 

1-7 

1-8 


0*05 sec. control 

995 

991 

987 

983 

978 

973 

968 

963 

957 


0-6 sec. stimulus 

372 

393 

421 

448 ■ 

472 

488 

496 

499 

500 


Heat 

0-026 

0-030 

0-028 

0-018 

0-010 

0-004 

0-002 





Details of the thermopile are given in the Appendix. The Moll micro¬ 
galvanometer had a sensitivity of 1 mm. at 1 m. = 4 x 10“® amp.; it was 
critically damped and had a resistance of 21 ohms. 

It is clear, in this case at least, that the sudden drop in the rate of 
heat production at the end of a stimulus cannot be due to motion of the 
muscle, since in Fig. 3 the tension did not begin to fall appreciably for 
some time afterwards; indeed the rate of heat production had reached 
a minimum before any movement could have occurred. This is pertinent 
to the question, discussed above for the case of single twitches, of whether 
the break in the heat production just after 0*1 sec. might be due to 
movement. 

In this, as in all the following cases, the muscle was mounted in the 
“reverse” position as described for the case of a single twitch. Usually, 
after the records had been taken, the muscle was observed when stimu¬ 
lated; its motion past the top end of the thermopile was always negligible 
and that at the bottom end of the thermopile was usually of the order of 
0*5 mm. 

The analyses at room temperature C.) agreed well. Several 

difierent experiments with stimulus 0*3 sec. gave very similar results, of 
which two are shown together in Fig. 4. The observed curves for stimulus 
and control, in the case of the experiments corresponding to the full line, 
were: 


Sec. 

0 

0-05 

0-1 

0-15 

0*2 

0*25 

0-3 

0*35 

0-4 

0-45 

0-05 sec. control 

0 

60 

359 

670 

838 

914 

946 

964 

976 

985 

0-3 sec, stimulus 

0 

8 

57 

136 

224 

320 

417 

512 

595 

683 

Heat 

0-14 

0-10 

0-095 

0*105 

0-10 

0-10 

0-05 

0-12 

0-10 

0-025 

Sec.. 

0-5 

0-55 

0-6 

0-65 

0*7 

0-8 

0-9 

1*0 

i*i 

1*2 

0-05 sec. control 

991 

995 

997 

999 

1000 

1000 

999 

998 

996 

993 

0*3 sec. stimulus 
Heat 

778 849 896 927 946 
0-02 0-01 0-01 0-006 0-003 

Thermopile and Moll galvanometer 

973 

0-004 

as before. 

988 

0-003 

994 

998 

1000 


In every case the heat went on very appreciably after the tension had 
fallen to zero, which must be due to genuine delayed heat, as described 
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in a recent paper [Hartree, 1932]. It cannot be attributed to delayed 
appearance of beat, due to inactivity of some of the muscle, as it comes 
too late for that and is about tbe same in every case. Tbe early part of tbe 
beat production was very regular, in fact it is remarkable bow steady was 
tbe beat rate during stimulation after tbe first 0*05 sec. 

Tbe analyses witb steps of 0*05 sec. were as good and as definite as in 
tbe previous case of a single twitcb witb steps of OT sec. By comparing 
tbe tables above it can be seen tbat tbe 0-05 sec. control witb tbe Moll 
galvanometer is now bigber at OT sec. than it was witb tbe slower moving 
magnet galvanometer at 0*2 sec. Tbe analysis would be even better using 
a control emplo}nng still shorter beating, but witb tbe bigb frequency 
oscillator available tbe amount of beat, and therefore tbe shortness of tbe 
beating, is limited. Tbe improvement is entirely due to tbe quicker 
galvanometer action since tbe same thermopile was used in every case. 

The Downing moving-magnet galvanometer could not take advantage of the com¬ 
paratively large amount of heat in the tetanus at a higher temperature since, if it were made 
very insensitive and very rapid, the damping could not be increased suf&ciently. It was 
necessary, therefore, to increase the damping as much as possible and then to diminish the 
sensitivity with a resistance. 

SUMMAEY. 

It seemed possible tbat tbe analysis of tbe beat production during tbe 
initial phase of muscular contraction might be influenced by slight 
movements or changes of shape of tbe muscle during contraction. A 
modified arrangement has made it possible to ebminate to a considerable 
degree tbe effect of such possible disturbances. When this is done tbe 
anomalous cases described in an earlier paper disappear and tbe beat 
production in a single twitcb is found to occur in two phases only— 
contraction and relaxation. In a tetanus tbe same two phases occur, and 
so long as tbe stimulus is continued tbe rate of beat production persists 
at a nearly constant but sbgbtly decreasing rate, following a more or less 
sharp fall soon after tbe beginning of tbe stimulus. 

I am greatly indebted to Prof. A. V. Hill for bis encouragement 
and advice. 

The M oil microgalvanometer referred to in this paper was purchased with a grant from 
the Eoyal Society. 
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APPENDIX. 

The properties of the thermopile employed, 

Tiie instrumental factors involved in the attainment of the greatest 
possible sharpness of analysis have been discussed by A. V. Hill 
{Adventures in Biophysics, Philadelphia, 1931, Appendix i, p. 142). 

The properties of the galvanometers used in the present investigation 
have been given in the text: those of the thermopile are as follows (a 
single instrument, constructed by Mr A. C. Downing, was used through¬ 
out): 

67 flat constantan-iron couples in a distance of 14 mm., resistance 
23*7 ohms, bakelite insulation. 

Quickness of response. This was determined by analysing a 0*05 sec. 
heating record by means of the galvanometer deflection due to an impul¬ 
sive current. The latter might have been obtained experimentally: it was 
simpler and as accurate, however, to calculate it from the equation 

y = 

where oc == 27r/r, T being the complete period (= 0*193 sec.). With this 
the current in the thermopile, during and after 0*05 sec. heating, had the 
following relative values: 

Sec. ... 0-025 0-05 0-075 0-10 0-125 0-150 0-175 

Current 19 45 68 83 89 93 95 

Sec, ... 0-200 0-225 0-250 0-275 0-300 0-325 

Current 97 98 99 99J 100 100 

For instantaneous heating half the maximum thermopile current 
would be developed in about 0*04 sec., 95 p.c. of it in about 0*14 sec. The 
Moll galvanometer attains 95p.c. of its full deflection to a constant 
current in about 0-10 sec., so is slightly faster than the thermopile. 
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THE EFFECT OF IONS ON THE CUTANEOUS 
SENSORY ENDINGS OF THE FROG. 

By M. TALAAT. 

[From the Physiological Laboratory, Cambridge.) 

The effect of various ions on tlie response of sensory endings has been 
studied by Matthews [1931] in the case of the frog’s muscle spindle. 
The results agreed with the known effects of ions on excitable tissues, for 
absence of Ca” was found to increase the excitability and prolong the 
discharge of nerve impulses and excess of K‘ to depress it, 

Feng [1933] has shown the depressant effect of increased K’ on the 
sensory endings in the skin, but there has been no systematic work on 
the beha-^dour of cutaneous endings in solutions with diminished Ca" 
content. The point seemed worth investigating because the cutaneous 
endings in the frog are mainly of the type which becomes very rapidly 
adapted to a constant stimulus, whereas muscle spindles adapt slowly. 
Adrian and Gelfan’s recent work [1933] on muscle fibres has emphasized 
the common basis of rhythmic impulse discharges, and it was hoped that 
further study of sensory endings might also be of value from this point 
of view. 

Method. 

An isolated piece of frog’s skin with its nerve supply formed the 
material for most of the experiments. The skin was usually slightly 
stretched and pinned at the edges to the floor of a small wax chamber 
that held about 2 c.c. of fluid. In a few experiments the antidromic 
preparation devised by Adrian, Cattell and Hoagland [1931] was 
used. The cutaneous nerve was placed on two silver silver-chloride 
electrodes, and the nerve endings were stimulated by touching the skin 
with a glass rod or by appHcation of a 5 g, weight. 

The action currents from the nerve were photographed with a 
Matthews’ oscillograph and viewed in a revolving mirror. Observation 
of the discharge by a loud-speaker system has proved of great value in 
many of the lengthy experiments. 
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The chief solutions used were: 





p.c. 


p.c. 

(1) 

Ringer 

NaCl 

KCi 

0-65 

0-02 

NaHCOa 

CaCL 

0*015 

0*025 

(2) 

Ca and K free B-inger 

NaCi 

0*695 

NaHCOg 

0*015 

(3) 

Ca free Ringer 

NaCi 

KCi 

0*675 

0*02 

NaHCOs 

0*015 

(4) 

K free Ringer 

NaCi 

CaCio 

0*67 

0*025 

NaHCOs 

0*015 


The osmotic pressures of these solutions differ very little and the 
anion content is practically the same. As was shown by Matthews 
[1931], any difference in the behaviour of the end organs w'hen bathed 
with such solutions must be attributed to the metallic ions. 

Other solutions used will be referred to later. 

Results. 

Absence of Ca and K. When the isolated skin preparation is kept in 
Ringer at room temperature (12-19'^ C.) no resting discharge can be 
detected in its nerve supply, unless the area supplied by the nerve has 
been cut through during the dissection when slow impulses of small 
magnitude appear. [Of. Adrian, 1931.] 

If the Ringer is replaced by a K and Ca free solution, it is found that, 
within 5 min., the end organ gives for the same stimulus (a 5 g. weight) 
a greater discharge than in Ringer (Fig. 1). The frequency of the impulses, 
is increased at the moment when the weight touches the skin, and the 
discharge continues for a few seconds instead of subsiding almost at 
once when the weight comes to rest on the skin. This effect increases 
steadily as the skin remains in the solution, the discharge subsiding more 
and more slowly under a constant stimulus. 

A stage is reached at which the discharge resembles that of a muscle 
spindle in that it is maintained until the moment when the stimulus is 
removed. This is followed (20-30 min. after the application of the 
solution) by a stage in which the discharge outlasts the stimulus. At 
first the after-discharge is of low frequency and lasts only for several 
seconds, but after the skin has been in the solution for about 1| hours 
it lasts from 3 to 10 min. and is of high frequency. By touching the sMn 
with a fine pointed glass rod it is possible to arouse the activity of 
single end organs and to study the evolution of this discharge. It begins 
with a frequency above 100 per sec. and is at first regular (Fig. 2 A). 
The frequency declines steadily (Fig. 2 B) and the discharge becomes 
quite irregular when it has faEen below about 25 per sec. But in many 
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Fig. i, Sensorj/ impulses in dorsal cutaneous nerve of frog. The effect of dropping a load of 
5 gm. on the skin while (iV) in Ringer, and (B) 1 min. after application of NaCl, 
IsTaHCO^ solution. In both eases the load was left till the end of the record. Time 
marks (white strips in B) = 0-6 sec. 


2. After-discharge developed in JSTaCl, FTaHCOs solution, skin touched with a fine 
pointed glass rod. (A) SO sec., and (B) 60 sec. after removal of the stimulus. (0 and B) 
rhythmic grouping occurring in another ending 3 min. after the stimulus (touch). 
All records at same speed. 


r sec> 
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preparations tlie decline in frequency is associated with a well-marked 
grouping of the impulses, of the same type as that found by Adrian 
[1930] in injured mammalian nerves and by Matthews in the frog's 
muscle spindle in NaCl [1931]. The grouping is shown in Fig. 2 C, D. 
The groups usually develop as they do in mammalian nerves. The number 
of impulses in the group increases gradually from two to five or more and, 
as the number increases, the interval between the first impulses in the 
group becomes shorter and shorter, so that eventually the second 
impulse may fall within the relative refractory period of the fii’st [cf. 
Adrian, 1930, Figs. 4, 5]. As in mammalian nerves a definite increase 
in the number in the group is preceded by a stage in which the number 
fluctuates between the lower and the higher value. 

In addition to this increased activity on stimulation, some of the 
end organs begin to show a resting discharge, but usually this is of low 
frequency and is irregular. 

The preparation recovers readily if put again in Ringer’s solution. 

Absence of Ca. When the fluid contains 0*02 p.c. KOI in addition to 
the NaCl the discharge becomes prolonged in the same way but the 
frequencies are lower than in NaCl alone. The discharge which occurs as 
the immediate response to a stimulus is, if anything, slightly less than in 
ordinary Ringer. The slowing of adaptation is shown by the development 
of a resting discharge (the skin being under slight tension) and usually 
a stage is reached at which a touch gives a long after-discharge like that 
in NaCl. The maximum frequency (60 per sec.) is not so high; grouping 
of the impulses may occur but the spacing of the impulses in the group 
is wider than in NaCl (30-60 per sec.). 

The absence of Ca does not seem to be detrimental to these end organs, 
as they are still excitable after a period of 5 or 6 hours in this solution. 

Absence of K. When the fluid contains Ca, but not K, the response of 
the end organ does not differ appreciably from that in Ringer except 
that a slow resting discharge may appear. No after-discharge was 
noticed in any of the eleven experiments made. 

Absence of electrolytes. It may be mentioned, that, if tbe skin is immeised in isotonic 
cane-sugar solution, the excitability of the end organs disappears in about l-lj hours. 
On replacing the sugar by the NaCl, NaHCOa solution the excitability returns to some of 
the end organs within a minute and to practically all of them within 10-15 min. This 
suppression of activity and recovery can be repeated several times without apparent harm 
to the end organs. 

Solutions containing oxalate or citrate. Since the factor which causes 
the prolonged discharge is the absence of Ca ions, it is to be expected 
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tkat solutions of sodium oxalate or citrate would produce a muck greater 
effect tkan NaCl alone. Tkis is true for tke stimulation of muscle fibres 
and Loeb [1905] kas skown tkat application of an oxalate solution 
to tke skin of a frog witk intact spinal cord produces great reflex 
activity. 

Tke first experiments were made witk 0*6 p.c. Na oxalate solution. 
As tkis is kypotonic and contains no K it was replaced later by a solution 
made up of eigkt parts of Ca free E.inger and two parts of 1*2 p.c. Na 
oxalate, but as far as could be observed tke results were tke same. 



Fig. 3. Resting discharge (A) in 0*6 p.c. Na citrate (B and C) during recovery after isotonic 
oxalated solution. (B) 30 min., and (C) 60 min. in Ringer. All records at same speed. 


Tke main result is a development of continuous activity in all tke 
sense organs. Tke first noticeable effect is an increase in tke response to a 
test stimulus {e.g. 5 g. wt. or light touck) and tken a resting disckarge 
develops (tke skin being under sligkt tension). It appears first in nerve 
fibres giving small impulses conducted slowly, but soon tke larger im¬ 
pulses appear and witkin 30-40 min. all tke sensory endings in tke skin 
seem to be disckarging at a kigk frequency. Tke continuous activity 
lasts for about 5 or 6 hours and tke frequency is apparently unckanged. 
Some of tke records (Fig. 3 A) give tke impression tkat tke impulses in 
several fibres are discharged synchronously, as they may be in damaged 
nerve or muscle [Adrian, 1930; Adrian and Gelfan, 1933]. At tke 
end of 5 or 6 hours tke end organs seem to fail, one after tke other. 
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and when all traces of the discharge have disappeared the skin is found 
to be inexcitable to any form of stimulation. 

If Ringer is substituted for the oxalate solution before this failure 
has occurred the discharge subsides gradually but some of the end organs 
may still be discharging after 30 min. in Ringer (Fig. 3 B). Towards the 
end a single end organ may remain in action, but its activity is often 
intermittent (Fig. 3 C). 

A few experiments have been made with the antidromic skin pre¬ 
paration in order to analyse the discharge in the indmdual nerve 
fibres. In this preparation it was found that the effect took longer 
to develop and lasted for about 1 hour only, unless the skin area 
giving the antidromic impulses was repeatedly hrigated with the oxalate 
solution. This may well be due to the skin having an intact blood 
supply. 

With this preparation the frequency of the discharge in single nerve 
fibres was found to be as a rule between ten and forty per sec. It remains 
practically unchanged so long as the end organ is active. It is irregular 
below twenty to twenty-five per sec. but fairly regular above this. The 
frequency can be increased by touching or stretching the skin, and once 
a higher frequency is obtained it persists for a long time although the 
skin is allowed to relax completely. 

The same results have been obtained with solutions of sodium citrate 
instead of oxalate. 


Discussion. 

The action of the oxalate solution probably differs from that of the 
NaCl solution only in so far as it secures a more complete removal of Ca 
from the skin. Thus a sensory ending of the rapidly adapting type shows 
the following changes when the Ca" ion concentration is progressively 
lowered. At first the discharge to a prolonged stimulus, instead of 
declining rapidly, persists for a greater and greater time. A stage in 
which the discharge coincides with the stimulus is soon followed by one 
in which there is a more and more prolonged after-discharge, and 
eventually a touch is enough to produce a discharge of high frequency 
lasting for 10 min. or more. At this stage the removal of the stimulus 
has httle or no effect on the activity of the ending. As far as the stimulus 
is concerned the excitation is not now a reversible process, though the 
activity declines gradually and ceases sooner or later. 

This stage recalls the action of NaCl solution on muscle fibres, for 
Adrian and Gelfan found that before spontaneous activity appears, 

34—2 
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there is a period in which touching or stretching the fibres gives a dis¬ 
charge which may cease when the stimulus is removed but often outlasts 
it for a variable time. They pointed out that this behaviour suggested 
that of a sensory ending in which the mechanism of excitation had 
become brittle and inflexible instead of responding smoothly to the rise 
and fall of the stimulus. 

Thus the three classes of excitable structure, muscle fibre, rapidly 
adapting and slowly adapting sense organ can be arranged in order with 
regard to mechanical stimulation and to the effects of diminished calcium. 
Normally a muscle fibre does not respond at all unless the stimulus is of 
damaging intensity; in NaCl it may give an abrupt, ungraded response 
which often outlasts the stimulus, and eventually prolonged discharges 
appear without any stimulation. 



The rapidly adapting end organ responds normally by a brief dis¬ 
charge which declines at once although the stimulus is continued. In 
sodium chloride the adaptation becomes less and less rapid and ultimately 
the discharge, once it has been started by the stimulus, continues for a 
time which seems to depend only on the general state of the ending. At 
this stage there is not much difference between the response of the 
muscle fibre and of the nerve ending, but the latter preserves a little of 
its specialized properties, for its discharge can still be increased in 
frequency by an increase in the stimulus. A slowly adapting end organ 
such as a muscle spindle shows the most flexible discharge mechanism, 
for it combines a slow rate of adaptation with an excitatory process 
which follows every variation in the stimulus. It needs no reduction in 
Ca ions to enable it to give a prolonged discharge, and the discharge 
ceases at once when the stimulus is withdrawn. 
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The present records show one other point of interest, the development 
of the grouped discharge in the absence of Ca. The slow rate of adaptation 
seems to be associated with the tendency for each pulse of activity in 
the end organ to discharge not one but several impulses down the nerve 
fibre. The impulses are usually grouped as they would be if the pulse of 
activity which arouses them starts at its maximum intensity and declines 
gradually. Thus the lack of Ca prolongs the duration of the whole dis¬ 
charge and also prolongs the effect of each active period in the end organ. 
The relation between nerve ending and nerve fibre activity may be 
represented as in Fig. 4. The diagram recalls the slow potential waves 
found by Adrian and Celfan in muscle fibre at the region of origin of 
a rhythmic discharge. In that case the waves rise slowly, but a series of 
potential waves rising steeply and declining slowly would account very 
well for the grouped discharges in the present case. 

Summary. 

When the frog's skin is treated with solutions containing Na’, or 
Na* and K', but no Ca*’, there is a much less rapid adaptation of the 
sensory endings to a prolonged stimulus. Eventually the discharge, once 
started, may continue long after the stimulus has ceased. These changes 
develop sooner in solutions containing oxalate and the endings may 
remain in continuous activity for 5 or 6 hours. The impulses are often 
discharged in groups. The results are discussed in relation to the behaviour 
of muscle fibres and of sense organs of the slowly adapting type. 

I am greatly indebted to Prof. E. D, Adrian for suggesting the work and for help in 
the preparation of this paper and to Mr B. H. C. Matthews for constant advice. 
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THE RESPIRATORY QUOTIENT OF THE 
EVISCERATE CAT. 

By JAMES BIcINNES PETERSON. 

[From the Physiology Department^ the University^ Aberdeen.) 

It is well known that the respiratory quotient of a spinal or decerebrate 
animal is higher after abdominal evisceration. This raised quotient has 
been observed in certain instances to attain a value of unity [Forges and 
Salomon, 1910; Best, Dale, Hoet and Marks, 1926] which has been 
accepted as added support for the view that the oxidative metabolism 
of skeletal muscle involves carbohydrate alone. On the other hand, 
respiratory quotients below unity have been observed for the abdominally 
eviscerated animal [Markowitz, 1928; Irving and Foster, 1930]. 

Evidence from other sources is also divided in regard to this question. 
The work of Meyerhof and his colleagues [1920, 1924] indicates that 
the quotient for the isolated muscle of the frog is unity, while Takane 
[1926], from the same laboratory, obtained a mean quotient of 0-79 for 
strips of rat’s diaphragm. 

Doisy and Beckmann [1922], Himwich and Castle [1927] and 
Himwich and Rose [1929], by analysis of arterial and venous blood 
of the limb muscles, obtained values for the respiratory quotient of 
mammahan muscle which are approximately those obtained with the 
intact animal. 

It has frequently been suggested that the observed quotient is un¬ 
reliable as a guide to the nature of the oxidative metabohsm of a muscle 
preparation because of the variations in the COg output which may occur 
through changes other than those involving oxidation [Verzar, 1911; 
Murlin, Edelmann and Kramer, 1913; Krogh, 1916; Kilborn, 
1928; Kilborn, Soskin and Thomas, 1928; Bornstein, 1929; 
Ferguson, Irving and Plewes, 1930]. 

There are two such changes, which are, however, not independent, 
namely a ''blowing off” of COg by over-ventilation, and a displacement 
of CO 2 from chemical combination in the tissues by accumulating lactic 
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acid. It is known that lactic acid will cause an increased ventilation, 
and that over-ventilation will in turn cause an increase in lactic-acid 
production [Eggleton and Evans, 1930], The purpose of this paper 
is to discuss the relationship which has been observed to exist between 
the changes in lactic acid and CO^ concentration of the blood and the 
respiratory quotient. 

Methods. 

The mettLods employed tlmoughout were tiose described by Ander¬ 
son, etc. [1931]. Tbe respiratory metabolism of tbe cat, decerebrated 
under ether and abdominally eviscerated, was measured by the Douglas 
bag method. Blood lactic acid was estimated by the method of Fried¬ 
mann, Cotonio and Shaffer, and the blood COg content of samples 
of blood, kept from contact with air, was determined with the van 
Slyke manometric apparatus. 

Eesults and discussion. 

The closeness of the relationship between the lactic-acid accumula¬ 
tion in the blood and the loss of COg therefrom was shown by Kilborn, 
Soskin and Thomas [1928], employing the spinal cat. In the present 
work this relationship has been investigated in some forty experiments, 
the results of which are typified in Fig. 1 (Exps. 34, 39). Following 
decerebration, the blood lactic acid may be high (Fig. 2, Exp. 142), but 
rapidly falls to a minimum value at which it may remain with only 
slight increase over a number of hours. On evisceration, however, there 
is an increase in blood lactic acid, which is paralleled by a decrease in 
CO 2 and a rise in the respiratory quotient. This sudden increase is, how¬ 
ever, of short duration and gives place to one which is more gradual or 
even to a shght or temporary decrease (Exps. 39, 42), the fah being 
accompanied by an equally small increase in the blood COg- When 
the lactic acid and COg of the blood have reached values of about 
80 mg./lOO c.c. and 25-30 c.c./lOO c.c. respectively, the increase of lactic 
acid and decrease of CO 2 are suddenly accelerated. This point of change 
has been termed the “break point.” 

In order to determine the relationship of these changes to the 
respiratory metabolism, the figures obtained in six experiments (31, 33, 
34, 36, 39 and 41) have been subjected to a careful examination. In 
Fig. 3 are plotted the points representing all the simultaneous values 
for lactic acid and blood CO 2 concentrations, and their degree of cor¬ 
relation, r, has been determined by the Karl Pearson formula. The 
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degree of negative correlation is liigli. r being —0-93 ±0*014. In Fig. 4 
all tliese values Iiave been grouped in sub-ranges of small niagnitucle 
(10 mg. of lactic acid and 5 c.c. of CCI 2 per ioO c.c. of blood) and tbe 
mean of eacli sub-range plotted. Tbe line drawn tiirough. these points. 
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Fig. 1, The relationship of blood lactic acid to blood CO 2 in 
the decerebrate-eviseerate cat. 



Hours 

Fig, 2. Change in blood lactic acid concentration immediatelj'' 
following decerebration. 

in Fig. 4, is not an attempt to apply the best-littiog straight line, but 
is an expression of the relationship between the quantities of lactic acid 
neutralized and the volume of CO 2 displaced in the simple double 
decomposition reaction: 

NaHCOa + CH 3 . CHOH. COOH ^ CH 3 . CHOH. COONa + HgO 4 - CO^. 

It is apparent that 1 g. molecule (90 g.) of lactic acid will displace 
22*4 litres of COg at s.t.f., or 90 mg. will displace 22*4 c.c. 
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Whetlier or not tlie GOg is displaced from the blood by this reactioHj 
it is evident that the two changes, lactate increase and CO 2 decrease, 
progress at rates which have a stoichiometric relationship, and it is to 
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Fig. 3. The values of lactic acid and COo of the blood observed simultaneously at frequent 
intervals in six experiments. 



Fig. 4. The circles represent the concurrent changes in the concentrations of lactic acid 
and OO 2 of the blood. The straight line represents the quantitative relationship between 
the lactate and displaced COg in the reaction 

NaHCOa + CH^. GHOH. COOH ^ CH 3 . CHOH. COONa -h H^O + CO^. 


be expected that the observed respiratory quotient will be higher when 
the rate of fall of blood 00^ is greater; an examination of the observed 
respiratory quotient values for these six experiments shows this to be the 
case. Coincident with the decrease in blood OO 2 on evisceration, is a 
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rise ill the respiratory quotient whicli, during the subsequent period of 
slow accumulation of lactic acid, as in Exps. 33 and 39^, may maintain 
a fairly constant value, only to rise with the increase in rate of blood COg 
loss after the ''break point/’ 

It is not a low blood GO 2 content which is associated with a high 
respiratory quotientj but a rapidly falling CO 2 concentration. In Fig. 5 
are shown the observed respiratory quotient for these six experiments; 
each value, irrespective of the time in the history of the experiment 
during which it was observed, is plotted against the rate at which the 
blood CO 2 was decreasing at the time. The quotient is obviously high 



Fig. 5. Tie relationsliip between the e.q. and the rate of decrease of blood CO 2 in the 
decerebrate-eYiscerate cat. Two values found are not plotted: (1) COg, 23*0; e.q., 
M6: (2)COo, 12-6; e.q., 0-98. 

when the rate of blood CO 2 decrease is rapid and a splined line approxi¬ 
mating to the best-fitting straight line cuts the zero point on the blood 
CO 2 axis at a level which represents a respiratory quotient of about 
0825. Hence, if the rise in the respiratory quotient after evisceration 
is due to CO 2 displaced from the tissues by a non-oxidative process, the 
extent of which is measurable by the blood CO 2 loss, we can assume that 
the true oxidative quotient of the eviscerate preparation is somewhere 

^ Markowitz [1928] observed that the respiratory quotient of eviscerated dogs was 
lowered by the injection of glucose. This is in agreement with the finding that in the 
eviscerate cat the injection of fluid is attendied with a delayed accumulation of lactic 
acid and a low respiratory quotient, probably to be explained as due to the maintenance 
of a high blood-pressure and a rapid circulation resulting from a lowered blood viscosity. 

® It is of interest that Himwich and Castle [1927] observed only very slight changes 
in the CO 2 content of successive blood samples in their experiments in which they found 
the respiratory quotient of the resting skeletal muscle of the dog to be less than 0-8. 
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in the region of 0*8. Quotients of this order have been observed in the 
eviscerate preparation where the blood-pressure was well maintained 
(as in Exp, 39, in which the animal received an infusion of glucose 
solution) and the blood COg content was not sufiering any significant 
diminution. Irving and Foster [1930] express their belief that the 
true respiratory quotient of the spinal eviscerate cat is approximately 0*8. 
The smallness of the number of values here examined makes it difficult 
to be precise as to this probable basal value. In Fig. 5, in black, is shown 
the respiratory quotient for the non-eviscerate preparation, and the one 
quotient value for the eviscerate preparation which fell below this non- 
eviscerate quotient is one obtained during a period when the preparation, 
Exp. 39, had a decreasing blood lactic acid and increasing blood COg 


Table I. Experiments 31, 33, 34, 36, 39, 41. 

а. Observed repiratory quotient. 

б, Observed CO 2 expired: c.c. at s.t.p. per kg. per hour. 

c. Calculated CO 2 output to give, with the observed O 2 consumption, a respiratory quotient 

of 0*825: c.c. at s.t.p. per kg. per hour. 

d. Volume of CO 2 which has to be subtracted from the observed COg output to convert 

the observed b.q. to 0*825: c.c. at s.t.p. per kg. per hour. 

e. Rate of fall of blood COg: c.c. per 100 c.c. of blood per hour. 



a 

Exp. 31. 

1*16 

1*07 

0*94 

Exp. 33. 

0*91 

0*83 

0*86 

0*92 

0*95 

Exp. 34. 

0*87 

0*85 

0*96 

Exp. 36. 

0*98 

0*89 

0*91 

0*85 

Exp. 39. 

0*76 

0*81 

0*81 

0*79 

0*83 

0*89 

0*90 

0*89 

Exp. 41. 

0*90 

0*91 

0*94 

0*95 

0*99 


296 

248 

291 

218 

262 

222 

251 

229 

229 

228 

226 

218 

268 

240 

295 

256 

250 

237 

216 

205 

299 

268 

255 

215 

236 

219 

157 

142 

163 

157 

208 

220 

252 

256 

218 

228 

237 

235 

310 

285 

389 

369 

209 

192 

253 

224 

218 

191 

302 

262 

430 

358 


d 

e 

48 

23*0 

73 

7*0 

40 

3*0 

22 

6*4 

1 

0*5 

8 

2-5 

28 

3*8 

39 

5*8 

13 

0-4 

11 

2*6 

31 

6*8 

40 

12-6 

17 

2*5 

15 

7-0 

6 

1*75 

-12 

-1*0 

— 

0*0 

~4 

1*0 

-10 

-1*0 

— 

2-0 

2 

6*0 

25 

3-0 

20 

5*0 

17 

2-0 

29 

5-8 

27 

2*2 

40 

2-3 

72 

8-5 
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concentration. If \re accept this value of 0*825 as the approximately 
true respiratory quotient of the e\hscerate cat, the extra volume of CO 2 
required to raise the respiratory quotient from this basal value to the 
observed value may be calculated in each instance and correlated with 
the rate of fall of blood CO^ (Table I). 

A preliminary examination of these values suggested that their relationship could 
probably be represented by a straight line. The scattered nature of the results made it 
desirable that the decision on tliis point, if such were possible, should be made by a qualified 
statistician and, by the courtesy of Dr J. F. Tocher, who kindly submitted the data to 
a thorough investigation, I am able to give the following report. 

A preliminary study of the individual observations was made, the means and standard 
deviations of both series being determined. The two straight lines were then fitted by the 
method of least squares. It was found that for both straight lines one observation was 
exceptional and, on examination, this ’was found to he the first observation. It was 
decided, therefore, to omit this observation from the series. Two other observations, the 
second and last, also appeared somewhat exceptional, but were included in the further 
study. 

“The raw data are not suitable for testing linearity owing to the small number of 
observations in both series. In order, therefore, to carry out the test satisfactorily, the 
tw'D series were divided into sub-ranges. If a;=rate of elimination of CO^ from blood in 
e.c. per 100 c.c. of blood per hour, all observations of x from -2 up to and including 
zero were taken and the mean found. Similarly, the mean value of x was found for the 
observations above zero up to and including 2 c.c., above 2 c.c. up to and including 4 c.c., 
and so on, the observations above 8 c.c. being taken together in the last group. Thus we 
have six sub-ranges or categories of ar with definite ranges. The values of 2 /=the volume 
of CO 2 expired in excess of the basal rate, were classified sub-ranges; these, commencing 
with the lowest being below -15 up to and including -10, below - 10 up to and including 
- 5, etc. Thus the observations were classified in steps of 5 c.c., a grouping warranted 
owing to the scattered nature of the data. The data were now in a condition for 
statistical analysis and the observations were recorded in a table of double entry and 
the mean, standard deviation, correlation coefficient and correlation ratio detexmiined. It 
was found that the correlation between the two series was fairly high. The mean of the ^ 

arrays of x were plotted and the straight line A ~ (z — x) calculated. The observed 

mean of arrays and the best-fitting straight line are shown on the accompanying diagram 
(Fig. 6 ). The valid tests for goodness of fit were applied and it was found, for the small 
number of observations made, that the theoretical straight line was a reasonable fit to 
the data. In other words, when sufficiently broad sub-ranges of both series are taken, the 
volume of CO 2 expired in excess of the basal rate is on the average proportional to 
the rate of elimination of CO^ from the blood.” 

When the probable experimental error is considered, it is apparent that the figures 
for CO 2 in excess of the basal rate may vary within the limits of 5 c.c. per kg. per hour: 
the grouping together and averaging of the values within this range is, therefore, desirable 
and Justifiable. Accepting the relationship as linear, it is to be observed, from Fig. 6 , 
that the. loss of an additional 1 c.c. of CO 3 from 100 c.c. of arterial blood per hour is 
accompanied by the addition to the expired air of 4-5 c.c. of 00^ per kg. of animal weight 
per hour, over and above that necessary to maintain the respiratory quotient at 0’825. 
If we assume that the elevation of the respiratory quotient above this value is due to the 
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CO3 displaced by lactic acid from the tissues and that the density of the blood is 1-06, 
these figures show that the equivalence of ^ = 47-7 p.c. of the body weight of the 

preparation, including the blood, is losing CO^ at the same rate as the blood. If this is so, 
the figures obtained in these exj^eriments offer a complete explanation of the variations 
in respiratory quotient after evisceration. The weight of the skeletal muscles of the cat 
according to the figures of Ferguson, Irving and Pie we s [1929] amounts, on the 
average, to 44 p.c. of the total body weight. Higher figures are recorded by Best, Hoet 
and Marks [1926]. Allowing for the weight of viscera removed, the muscles therefore 
comprise about 49 p.c. of the weight of the eviscerate preparation, while the blood may 
be assessed at from 5 to 6 p.c. [Ferguson, Irving and Plewes, 1930]. On the assumption 
that muscle loses COo at approximately the same rate as the blood, it is possible from these 
figures to explain the heightened values for the respiratory quotient, but it yet remains 
to be seen whether this assumption is justified. 



Fig. 6. The relationship of the rate of decrease of blood COo to the excess of CO 2 expired 
over that necessary (with the observed oxygen retention) to maintain an e.q. of 0*825. 

It is of interest to speculate as to wliere tte lactic acid comes from, 
and whether or not the COg is lost as a result of the acid accumulation. 
The evidence so far obtained merely indicates that there is a concurrent 
equimolecular rate of change in the concentrations of COg and lactate 
of the blood. The question as to whether either of the two processes, 
lactic acid increase or COg decrease, can be considered as cause or effect 
remains open^. If we are to assume that more than 40 p.c. of the prepara¬ 
tion is losing CO 2 at the same rate as the blood, as the result of a buffering 
process, the maintenance of a linear relationship between blood lactic 

^ The view that the lactic acid is produced as a result of hyperpncea and is not its 
cause can be accepted for the decerebrate preparation only if some explanation of the 
cause of the hyperpncea is forthcoming. The possibility of direct stimulation of the 
respiratory centre by a blood clot has been considered and the brain stems examined 
after each experiment without any results justifying this explanation. It has been stated 
that the activity of the respiratory centre is increased after decerebration [W in ton and 
Bayliss, Human Physiology^ 1930, p. 429]. 
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acid increase and CO 2 decrease must mean that the tissue which shares 
with the blood the role of buffering, must make with the latter a single 
system, the diffusion of lactic acid between them being rapid. This 
finding is further borne out by Fig. 5. If we accept the excess GO 2 
expired (over that necessary to maintain the respiratory quotient at 
0*825) as an index of the part played by NaHCOg as a buffer, it is ap¬ 
parent that with any variation in the proportionate part played by blood 
bicarbonate in this process, the relationship between the excess COg and 
the rate of decrease of blood CO 2 will also vary. That is to say, if the blood 
plays a proportionately greater part in buffering after the ''break point” 
than before it, values, in Fig. 5, representing conditions after the "break 
point,” should lie below the straight line which represents conditions 
before it. Such is not the case. 

To sum up, the evidence given supports the view that the raised 
respiratory quotient (above a value in the region of 0*825) observed in 
the e^dscerate cat is due entirely to, and can be explained quantitatively 
by, the CO 2 eliminated from the tissues of the preparation, a process 
which is accompanied by the accumulation of an equivalent quantity 
of lactate. The most ob\dous source of COg other than the blood, on the 
grounds of size and chemical nature, is skeletal muscle. Attempts, how¬ 
ever, to obtain direct evidence of a loss of CO 2 by muscle which would 
account for the extra CO 2 expired beyond that coming from the blood 
have not given confirmatory results. In an attempt to find the source 
of the CO 2 loss from the over-ventilated cat under amytal, Ferguson, 
Irving and Plewes [1929] measured the decrease in muscle and blood 
COgj but were unable to find a suf&cient diminution. On the other hand, 
when the animal ■was ventilated with a gas mixture of high CO 2 tension, 
it retained a quantity of COg greater than could be accounted for by 
the increase in the CO 2 content of the muscles and blood. From this 
it would seem that, although the CO 2 lost during over-ventilation is not 
traceable directly to a loss from the muscles and blood, the assumption 
may be made that it is produced by a process that is not necessarily 
oxidative [Ferguson, Irving and Plewes, 1930]. Irving and Foster 
[1930], by direct muscle analysis, found losses of GO 2 which were, how¬ 
ever, inadequate to account for the high respiratory quotient values 
observed. 

The view that the respiratory quotient of a muscle preparation 
during its normal metabolism is less than unity, removes what was 
apparently a distinction between the nature of its metabolism and that 
of the heart. Starling and Evans [1914] observed that the average 
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respiratory quotient of tlie heart-lung preparation was about 0-85, 
Similar figures have been obtained by Clark and Ms colleagues [1932] 
for frog's heart. 

From these results it is clear that in the use of the eviscerate mam¬ 
malian preparation in the study of carbohydrate metabolism, observa¬ 
tions of the quotient, in absence of information regarding the rate of 
loss of CO 2 by direct displacement from the tissues of the body, cannot 
be rehed on in the accurate computation of metabolic changes. 

The bespiratoby quotient op the abdominal viscera. 

On the assumption that the removal of the abdominal viscera does 
not alter qualitatively the oxidative metabolism of the tissues that 
remain, the observed change in respiratory quotient, from 0*77 to 0*825, 
must be due to the removal of an oxidative process for which the 
respiratory quotient is low. This quotient can be readily calculated from 
the following data: 

Decerebrate 


Decerebrate eviscerate 

cat cat 

Oxygen consumption (c.c. per 
kg. (nett wt.) per hr.) 360-00 245-000 

Respiratory quotient 0-77 0-825 

Weight (kg.) 2-0 1-800 


These values of oxygen consumption are in close agreement with those 
recorded by Evans, Tsai and Young [1931] for* the decapitate cat, 
viz., 365 c.c. for the non-eviscerated and 250 c.c. for the eviscerated 
animal. From the figures given, and the assumption already made, it 
is obvious that the respiratory quotient of the removed viscera is 

(360 X 0-77 X 2) - (245 x 0-825 x 1-8) ^ . 

(360 X 2) - (245 x 1-8) 

That the low value of this quotient is due to gluconeogenesis in the liver 
is the ready explanation which has already been discussed by other 
workers [Evans, Tsai and Young, 1931]. 

Summary. 

In the decerebrate-eviscerate cat, the quantitative relationsMp be¬ 
tween the accumulation of lactate in the blood and the loss of blood GO 2 
is shown to be identical with that between lactate and displaced CO 2 in 
the reaction: 

NaHCOs -b OH 3 . CHOH. COOH -> CB^. CHOH. COONa -h H^O -b 00^. 
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A close relationship is demonstrated to exist between the rate of 
blood CO 2 loss and the observed respiratory quotient, and evidence is 
adduced which supports the view that high quotients, obtained with the 
eviscerate preparation, are elevated above the true quotient by CO 2 dis¬ 
placed from the tissues. 

This problem wms suggested by Prof. J. J. E. Macleod, whose 
constant help I gi^atefully acknowdedge. I am indebted also to Dr^R. A. 
Cleghorn and to Dr I. A. Anderson for much assistance in the 
experimental wmrk. 
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CARBONIC ANHYDRASE. ITS PREPARATION 
AND PROPERTIES. 


By the late N. U. MELDRUM and F. J. W. ROUGHTON. 

[From the Physiological and Biochemical Laboratories, Cambridge,) 

{Received August 1933.) 

Introduction. 

There have been two main theories as to the mode of carbon dioxide 
transport in blood: {a) that carbon dioxide is carried from the organs 
of the body to the lung mainly in the form of bicarbonate, and that when 
the blood reaches the lung the proteins of the blood acting as weak acids 
(expressible by the formula HP) convert the bicarbonate into carbonic 
acid (HgCOg) which in turn dehydrates to water and dissolved carbon 
dioxide. The latter then volatilizes as COg gas into the air spaces in the 
lung feom which it is eliminated by expiration; (6) that in addition part, 
and possibly the more important part physiologically, of the carbon 
dioxide is carried in direct reversible combination with the blood pro¬ 
teins. Of these theories {a) has been called the bicarbonate theory and 
has had the support of Zuntz (quoted by Haldane, 1922), Parsons 
[1919, 1920], Poulton [1920], L. J. Henderson [1928], Peters and 
van Slyke [1931], Stadie [1928, 1931] and their co-workers. The 
direct combination theory (6) has, on the other hand, been sponsored 
by Bohr [1909], Buckmaster [1917 a, h\ Bayliss [1924], Mellanby 
and Thomas [1920], and by later workers to whom reference will be 
made below. 

From 1917 to 1921 the problem was worked at intensively by 
numerous British physiologists, with the result that at the end of this 
period the bicarbonate theory, in the view of most writers, had established 
a decided lead over its rival. Thereupon the scene shifted to America,, 
and there followed an exhaustive study of the acid-base equilibria in 
blood by van Slyke and various colleagues. These workers gave full 
data as to the titration curves of oxyhsemoglobin and reduced hemo¬ 
globin, which, together with their data upon the CO 2 dissociation curves, 
seemed to show that under physiological conditions the amount of 00^ 
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in blood in forms other than COg, HgCOg or HCOg” is negligible. It will^ 
however, be noted below that both in this work, and in that of Stadie 
and Ms collaborators [1928, 1931], there are certain features which can 
only be explained by the simple bicarbonate theory, with the aid of 
rather forced assumptions. These apparent anomalies readily fall out if 
a certain proportion of carbon dioxide exists in some form other than 
CO 2 , H 2 CO 3 , or HCO 3 ”, e.g, in direct combination with the blood proteins. 

Up till 1925, attention had been given solely to the equilibrium states 
of the process, but in that year Hartridge and Ronghton, quoted by 
L. J. Henderson [1925], following on their measurements of the velocity 
of oxygen combination and dissociation from hsemoglobin, pointed out 
the desirability of studying the kinetics of the carbon dioxide processes 
in blood. In 1926 this aspect was taken up by Henriques with a startling 
outcome. 

According to the bicarbonate theory the detailed chemical reactions 
which lead to COg evolution in the lungs are as follows: 

HP (protein acid) + NaHCOg HaP (protein salt) + HgCOg, 

.(i) 

foUowedby HaCOg^COa+HaO. .(ii) 

Of these reactions (i), being purely ionic, is very rapid, but (ii) is known 
from the work of Thiel et ah [1913 a, 6 ], Faurholt [1924], and the 
recent paper of Brinkman, Margaria and Roughton [1933] to be 
rather slow. On the bicarbonate theory reaction (ii) must therefore hmit 
the rate of COg escape in the expired air. Using the velocity constants 
of previous authors, Henriques (and others independently) calculated 
that the rate at which CO 2 could be formed by reaction (ii) under physio¬ 
logical conditions would be far less than that actually observed in the 
expired air. Hence he concluded that either one or both of the fol¬ 
lowing conditions must obtain: (a) there must be a catalyst for the 
reaction H 2 CO 3 COg-f HgO in the blood; {b) the physiological transport 
of carbon dioxide in the blood must take place by some mechanism other 
than the bicarbonate one. 

The most important of Henriques’ [1928] experiments were those 
in wMch he compared the rate at which GOg is evolved when hsemoglobin 
solutions, on the one hand, and serum solutions, on the other hand, were 
violently shaken in vacuo. He noted for the first time that CO 2 came ofi 
much more quickly from the haemoglobin solutions especially hi the early 
stages of the shaking, whereas the rate of escape from serum was of the 
same order as that calculated from Faurholt’s velocity constants for 
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the reaction HgCOg COg-rHgO. He concluded that Hs results could 
not be explained by a catalyst mechanism, but required instead the 
existence of a very rapid reversible reaction between COg and hsemo- 
globin direct, analogous to the reaction between oxygen and haemo¬ 
globin. To this h}q)othetic complex, which he suggested might be of a 
carbamate type, he gave the name carbhaemoglobin. Hawkins and 
van Slyke [1930], however, in experiments of a similar type found 
distinct evidence of a catalyst, and this was clinched by Brinkman and 
Margaria [1931], who showed that blood or hasmoglobin, even when 
diluted to 1 part in 20,000, accelerated markedly the evolution of CO^ 
from mixtures of bicarbonate with bufiers of physiological j?H. Finally 
in 1932 the present writers isolated from ox blood a white substance 
of which 1 part in 10,000,000 is active in accelerating the reaction. This 
solid extract, which is quite free from haemoglobin and apparently also 
from hsematin compounds, has the typical properties of an enzyme, and 
since it can be shown to be distinct from the other enzymes known to 
be present in blood, it has been given a special name: carbootc anhy- 
DRASE. Preliminary reports on its biochemical properties have already 
been given by us elsewhere [Meldrum and Eoughton, 1932 a, 6, c], 
and a more complete account of its preparation and properties is given 
below. 

With such large amounts of carbonic anhydrase in the red blood 
corpuscles it no longer seems difficult to account for the rate of COg 
evolution in the expired air on the simple bicarbonate theory. This does 
not, nowever, prove that the bicarbonate mechanism is the sole mode 
of physiological transport; a definite conclusion as to the role of the 
hypothetical COg protein compounds is indeed needed, not only for the 
sake of its own interest and for possible importance, but also to enable 
us to assess precisely the role of carbonic anhydrase in blood. For reasons 
to be given later, we do not regard either the recent experiments of 
Henriques [1928, 1931a, 6, 1933] or of Margaria [1931] as decisive 
or complete, and we have therefore devised and carried out a new set 
of experiments, which seem to us less equivocal in then indications. 
Our results not only point to appreciable amounts of direct CO^ protein 
compounds especially at low temperatures (the amount diminishing very 
much as the temperature and/or the acidity is increased), but also 
suggest strongly that these compounds are of a carbamate type, as has 
indeed been hinted at by previous workers. The whole question is dealt 
with in a separate paper by us [Meldrum and Eoughton, 19336] in 
the present JourmL ■ ' 
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Scope oe the preseistt paper. 

We shall start by describing tbe method of measuring the catalytic 
activity^ and pass thence to the various methods of separating the enzyme 
from hemoglobin and the means adopted for its further purification. 
After siimnaarizing the eridence that carbonic anhydrase is distinct, not 
only from hemoglobin, but also from some other enzymes present in 
the blood corpuscles, we then proceed to some of the biochemical pro¬ 
perties of the enzyme. Here we deal, in a preliminary way, with the 
nature of the enzyme and some of the factors which influence its stability 
and activity. We have made a fairly detailed study of the effect of 
various poisons and inhibitors, including metallic salts from most groups 
in the periodic table. In the last pages we give some further notes about 
the distribution of the enzyme, especially in fcetal blood as compared 
with maternal blood; we also compare the carbonic anhydrase activity 
of unlaked corpuscles with that of laked corpuscles from the same blood. 
This last matter is obviously of great physiological importance as regards 
the action of the enzyme in circulating blood: oux preliminary experi¬ 
ments show that there is need for much further study on these lines. 


Section I. The method op estisiating the catalytic 

ACTIVITY OP THE VARIOUS PREPARATIONS. 

The technique. 

A simple means of measuring the amount of enzyme present in the 
various media and preparations is clearly an indispensable preliminary 
to a study of the isolation and properties of the enzyme. The method 
adopted was to measure the catalytic effect upon the rate of evolution 
of CO 2 from sodium-bicarbonate solutions when mixed with phosphate 
buffer of 6 - 8 , with the aid of the boat apparatus of Brinkman, 
Margaria and Eoughton [1933] as used by them in their work on 
the kinetics of the reaction HgCOg CO 2 +H 2 O in the absence of 
catalyst. 

In one compartment of the glass boat-shaped trough (Fig. 1 ) are 
placed 2 c.c. of phosphate solution made by mixing equal volumes of M /5 
N'a 2 HP 04 and Jf/5 KH 2 PO 4 , whilst in the other compartment are placed 
2 c.c. of Mjb IfaHCOg dissolved in i¥/50 ISTaOH, The boat is attached 
by a well-fitting stopper and length of pressure tubing to a manometer, 
open at the other end to the air. Most of the experiments in this paper 
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were tiius done at atmosplieric pressure, instead of at reduced pressure 
as in the earlier paper. 

After allowing time for temperature equilibration the boat is then 
shaken rapidly in a constant temperature water bath (usual temperature 
about 15° C.) and the evolution of COg followed by noting the reading 
of the manometer at 0, 5, 10, 15, 30, 45, 60, 90 and 120 sec. and there¬ 
after at minute intervals if necessary. Provided that the first half of 



the total COg is evolved in not less than about 15 sec., diffusion from 
liquid to gas phase does not prove to be a limiting factor, and the rate 
of COg evolution as observed is a true measure of the velocity of the 
chemical reaction HgCOg CO 2 +H 2 O. A typical set of curves obtained 
with various amounts of goat’s blood added to the phosphate-bicarbonate 
mixture is shown in Pig. 2 a. 

Calculation of the activity* 

In Pig. 2 6 is plotted the average rate of GOg evolution during the 
second quarter of the process (as given by the reciprocal of the time 
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Blood 

i in 1600 Blood 



Fig. '2 a. ESeet of various amounts of goat’s Mood on rate of CO 2 output 
from phosphate-bicarbonate mixture. 



Fig, 2 b. Relation between concentration of ejozjrme and effect on rate of reaction. 
[The rate of the reaction in absence of catalyst being taken as unity.] 
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taken) against the concentration of catal}’iiic material added, tlie samples 
of tke latter ranging from crude blood to relatively pure material. 

Let Rq be tbe rate in absence of catalyst, R be tbe rate in presence 
of catalyst. Then it is clear from the curve that the fraction {R'-Rq)IRq 
is a suitable measure of the catalytic activity, for: 

(a) It is proportional to the amount of catalyst added, to within 
±5 p.c., provided that the rate of the process is not too fast, i,e. the 
time is not less than 10 sec. 

The breakdown of the linear relation at faster rates is certainly in part due to 
diffusion becoming a limiting factor in addition to chemical reaction velocity. 

(b) It is independent of the nature of the added catalyst, e.g. whether 
it contains hemoglobin or not. 

(c) It is independent of the dimensions of the apparatus, which need 
not even be known, 

{d) It eliminates initial errors due to the time taken for the bicar¬ 
bonate and phosphate to mix after the shaker starts. 

(e) The range of the pH change during the period is small and con¬ 
stant. 

In ordinary cases it makes no difference whether the catalytic 
material is added to the phosphate or to the bicarbonate, or if it is 
distributed between both solutions. 

It seems premature to define the unit of carbonic anhydrase activity 
until a full study of the kinetics of the enzyme reactions has been made. 
For the present it is proposed to assign the value E to that amount of 
enzyme which, when dissolved in 4 c.c. of the phosphate bicarbonate 
mixture used above, gives a value of equal to 1 at 15° 0. 

If the temperature differs slightly from 15° C., a correction can be made 
by applying a temperature coefficient (i.e. @^ 0 ) of 3-6 per 10° C. for the 
uncatalysed reaction and a Qjq of 2*1 for the catalysed reaction. This 
temporary unit E has the convenience that ox blood (the main type of 
blood used in our work so far) contains on the average about 1 E 
per c.mm. 

Whenever a test was made of the catalytic activity of any solution, 
a control experiment with phosphate and bicarbonate solutions alone 
was done as well. To get the most accurate result the amount of catalji^ic 
material added should be such as to increase the rate of the process about 
three to four times, since the relation between enzyme concentration and 
rate of reaction is still linear up to this point. In some tests, unfor¬ 
tunately a much larger amount of catalyst was used; in view of the shape 
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of tlie curve in Fig. 2 h tFe results were correspondingly less accurate^ 
even tFoiigli tlie necessary corrections were applied. 

Tlie percentage }deld in any given preparation from blood was 
calculated from a comparison of tbe activity of tbe preparation with 
tFat of tlie original blood diluted witb an amount of water equal to 
tbe amount of aqueous fluid added to tbe blood in tlie course of tbe 
preparation. 


Section IL Separation and purification of the enzyme. 

Separation from hcemoglohm. 

Tbe finding of Brinkman, Margaria, Meldium and Rougliton 
[1932] that not all hsemoglobins are catalytically active, but that native 
globin prepared from an active haemoglobin is fully active, suggested 
strongly that the active principle is not haemoglobin itself, but some 
substance or some system which frequently, but not invariably, accom¬ 
panies the hemoglobin. That the latter is the case was settled very quickly 
by applying the classical methods of removing hemoglobin with but 
httle modification. Three methods, A, B, 0, were tried, and all were 
successful. Of these the crude product of method C was used for nearly 
all the further work in this paper. 

Method A. Mammalian erythrocytes (previously washed three times 
with isotonic saline) are lysed with water and diluted till the hsemoglobin 
is about 1 p.c. The aqueous solution is then saturated with chloroform 
and allowed to stand at room temperature in presence of excess OHClg 
with intermittent shaking till all the hsemoglobin is denatured. The usual 
time required is about 24 hours: a temperature of 37° C. hastens denatura- 
tion but destroys the enzyme. The protein and excess chloroform are 
centrifuged down and the enzyme solution poured off. It usually con¬ 
tains of the order of 50 p.c. of the carbonic anhydrase originally present, 
much catalase, and traces of haemoglobiu (:^ 1 iu 5000). This method is 
similar to that ofTsuchihashi [1923] for prepariug catalase. 

Method B. By following the method of Warburg and Christian 
[1931] for prepariug the co-enzyme for the system which oxidizes glucose- 
6-phosphate, carbonic anhydrase can readily be prepared. 200 c.c. washed 
horse erythrocytes are lysed at 0° C. with an equal volume of water and 
350 c.c. of ice-cold alcohol added. Then 15 c.c. CHClg are added to the 
homogeneous mixture and the whole shaken for a few minutes at 0° G. 
The suspension is centrifuged and the centrifugate poured into 450 c.c. 
alcohol and 1200 c.c. ether, when a whitish precipitate gradually falls. 
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The supernatant liquid is sucked off, the solid collected on a filter and 
washed with absolute alcohol. 

This enzyme preparation is very stable, it does not readily dissolve 
in water, but gives a highly active and fairly clear solution when 10 mg. 
are ground in a mortar with 1 c.c. of Mjo Na^HPO^. 

The yield is only about 7 p.c., and the activity per mg. dry weight 
is about 350 E as measured by the method of Section II, assuming that 
the whole of the enzyme is in solution. The latter assumption is, however, 
probably unfair. 

Method C. To 10 c.c. washed ox corpuscles in a centrifuge tube are 
added 6 c.c. HgO and 4 c.c. ethyl alcohol. The mixture is then shaken 
at room temperature for about a minute with 5 c.c. CHClg. On centri¬ 
fuging for about 10 min. at 3500 r.p.m. a three-phasic system is formed, 
consisting of a top layer of enzyme solution, a central layer of denatured 
protein, and a bottom layer of chloroform. 

The enzyme solution contains traces of heemoglobin and much cata¬ 
lase. The yield is on the average about 50 p.c. of the maximum. In 
different cases there were considerable variations from this figure both 
in upward and downward directions. The cause of this is not known but 
may be in part explained by varying amounts of enzyme adhering to 
the haemoglobin coagulum. Rubbing up the latter with water gave a 
solution of high activity on the one occasion when the test was made. 
On evaporating the enzyme solution to dryness in a vacuum desiccator 
a brown solid enzyme preparation is obtained containing methsemo- 
globin and haemochromogen compounds. The yield is about 1 g. from 
100 c.c. corpuscles. 

The enzyme is extremely stable in this form and can be kept for many 
months even if exposed to the air. The brown solid readily dissolves 
in water or salt solutions to yield a clear solution, having the properties 
of the original (unevaporated) solution. In aqueous solution the enzyme 
keeps for many weeks in the ice chest. The rate of destruction varies 
with different samples, but in general the enzyme loses 20 p.c. activity 
in 5-6 weeks. 

The solution of enz3n3ae thus prepared is known in the succeeding 
parts of this paper as crude chloroform” preparation, and is used as 
the basis for further purification. 

Some two dozen preparations were made by this method, which was 
found to work for the blood of other mammals besides ox. In one case 
with horse blood an 80 p.c. yield was obtained. In the earlier cases of 
the series a lower proportion of alcohol was used, but this led to much 
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slower precipitation of the haemoglobin, several shakings with CHClg 
often being necessary before a colourless (i.e. hsemoglobin-fxee) super¬ 
natant fluid was obtained. The yield, however, was as great as when the 
proportion of alcohol mentioned above was used, the great advantage 
of the latter lying in the quickness of the method. The difierence in 
speed of coagulation of the haemoglobin forms, indeed, a striking demon¬ 
stration: for the quickest results the proportion of 6 parts water to 
4 parts alcohol should be adhered to closely. 

Purification, 

The further purification of the enzyme is best carried out starting 
from the crude chloroform preparation. Such a preparation contains 
two types of impurity: (a) dialysable; (b) non-dialysahle. 

The dialysable impurities are readily removable by ultra-filtration. 
For this purpose Bechhold’s 6 p.c. and 4|-p.c. ultra-filtration membranes 
were purchased from Carl Schleicher and Schiili, and ultra-filtration 
by vacuum suction was found quite satisfactory, provided the fluid on 
the membrane is gently stirred. 

The non-dialysahle impurities: Attempts were first made to precipitate 
either the enzyme or the accompanying protein material with am¬ 
monium sulphate, but these were unsuccessful. In the case of crude 
haemoglobin solutions most of the enzyme is carried down with the 
precipitated proteins, while in the case of the crude chloroform prepara¬ 
tions a large and variable amount of enzyme is removed, probably by 
adsorption on precipitated material. 

A series of adsorbents was next tried. Kaolin, permutit, four different 
sorts of charcoal, silk, cellulose and chalk were unsatisfactory. Very good 
results, however, were obtained with Willstatter’s C-y alumina cream, and 
with a suspension of Ca 3 (P 04}2 (roughly 1 p.c. prepared by precipitation in 
the customary manner), filtering after each treatment with adsorbent. 
These adsorbents are both effective in removing selectively the other 
non-dialysable impurities, especially the traces of colouring (hsematin) 
matter, without at the same time taking up serious amounts of carbonic 
anhydrase. The extent of the treatment must be adjusted for each 
sample. 

The following is a protocol by K. U. M. of a purification by the 
Ca 3 (P 04)2 method: 

100 c.c. ox corpuscles were washed three times with isotonic saline 
and then treated with 80 c.c. water, 20 c.c, alcohol and 150 c.c. CHCI 3 . 
The mixture was shaken for some minutes, stood overnight at 2 ^^ C., 
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centrifuged, shaken and centrifuged again. The supernatant fluid was 
filtered, volume of filtrate A = 108 c.c. 25 c.c. A were treated with 20 c.c. 
of Ca 3 (P 04)2 suspension, and the mixture filtered. Volume of filtrate 
B = 40 c.c. 

30 c.c. of filtrate B were ultra-filtered on a 6 p.c. Bechhold mem¬ 
brane, being washed three times with about 13 c.c. water. 

The residue on the naembrane was made up to 40 c.c. with water 
= solution C. 

The volume of the ultra-filtrate was 67 c.c. = solution Ch 

0*05 c.c. of solution C was tested and found to have an activitj=6 E, 

5 c.c. of solution C evaporated to dryness at 130° C. gave a dry 
weight of 1*2 mg. Therefore the activity per mg. of the solid in solution 
0 = 500 E, 

N. U. M.’s purest preparation was made by Al(OH )3 adsorption, the 
steps of the process being otherwise almost the same as in the previous 
example. In this case details are available as to the activity per mg. dry 
weight at three different stages of the preparation. 

Activity of original ox corpuscles per mg. dry weight = 4*6 
(assuming water content of corpuscles=60 p.c. by weight). 

Crude chloroform preparation shows 48 mg. dry weight per 5 c.c. 

Activity per mg. dry weight = 90 E, 

The dialysable impurities were removed by ultra-filtration and the 
fiinal solution after three treatments with an equal volume of A 1 ( 0 H )3 
cream had an activity per mg. dry weight =1730 E, 5 c.c. of this final 
solution evaporated at 100-150° C. contained 1 mg. dry weight, and was 
thus almost the same in concentration as the final solution of the previous 
case, although the activity was about 3*5 times greater. 

Comparison of the activity per mg. dry weight of the final prepara¬ 
tion with that of the original corpuscles shows that a concentration of 
about 400-fold was attained. 

The figures given show that 1 part of the pure solid (by weight) in 
7,000,000 parts of solution is sufficient to double the rate of OO 2 evolu¬ 
tion, and that during the first 15 sec. 1 g. of enzyme is responsible for 
the production of 826 g. of COg. This means a rate of 1*24 mols CO 2 
per sec. per g. of enzyme. 

If the enzyme is pure, and is a protein {mie Section III) of the 
TniniTYi - mn molecular weight found by Svedberg, viz. 34,000, then 1 mol 
enzyme would catalyse the formation of 4 x 10^ mols CCg/sec. * 
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Further purification of the enzyme. 

Tlie fact that our best preparation has the same order of activity as 
the most active enzymes of other workers makes it perhaps unlikely that 
much further purification will be possible. We have not yet, however, 
used in a systematic way one of the classical weapons of enzyme purifica¬ 
tion, namely adsorption of the enzyme, followed by elutriation of the 
enzyme from the adsorbent. Preliminary work suggests that the enzyme 
is to some extent adsorbable by alumina C-y cream, especially if the 
impurities adsorbed by the latter are fiirst removed. Thus in two cases 
we were able by appropriate treatment to adsorb as much as 40 p.c. 
of the enzyme on alumina. We also found on one occasion that from the 
purest solution the enzyme was partly adsorbed by kaolin, and could 
be in part elutriated therefrom by means of M/15 NagHPO^. 

Fractional ultra-filtration is another possible line. Thus in one ex¬ 
periment the crude chloroform preparation was shaken with alumina, 
filtered and the filtrate then ultra-filtered through a 6 p.c. Bechhold 
membrane. The solution which came through the ultra-filter had an 
appreciable activity. In the two other cases, the crude chloroform pre¬ 
paration was ultra-filtered directly through a 4J p.c. Bechhold mem¬ 
brane. The solution which came through had respectively 13 and 25 p.c, 
of the activity of the crude chloroform preparation in the two cases. 


Section III. The ''individuality” and some properties 

OP THE ENZYME. 

The evidence that carbonic anhydrase is distinct from hcemoglohin. 

Earlier workers on the CO 2 catalyst in blood inclined to the view 
that it was identical with hsemoglohin. Against this there are now three 
strong arguments: 

((z) There is no correlation between the distribution of hsemoglobin 
and of carbonic anhydrase in lower organisms. Examples of this lack 
of correlation have already been given by Brinkman, Margaria, 
Mel drum and Roughton [1932], and further instances occur in 
Brinkman’s [1933] paper in the present number of this Journal, 
A striking case of the same kind will be found in a later section of this 
paper, where it is shown that in foetal blood of goats the ratio carbonic 
anhydrase content/hsemoglobin concentration, i,e, iS/Hb, may be only 
1~2 p.c, of the value in the mother blood of the same animal. 
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(6) It is now possible by the simple methods of Section II to prepare 
Mgbly active preparations of the enzjTine, which are completely free 
from haemoglobin. 

(c) We have been able in the case of two species of blood of which 
the haemoglobin crystallizes easily—namely, horse and rat—to effect a 
considerable separation of haemoglobin from the enzyme merely by 
crystallization. 

Thus in the case of horse haemoglobin, a single crystallization gave 
a value of E/Hb about three times greater in the mother liquor than in 
the crystals. In the case of the rat sample the first mother liquor, after 
crystallization at 0° C., had only one-seventh the hemoglobin concentra¬ 
tion of the original blood, but yet had nearly the same concentration of 
carbonic anhydrase. Two further crystallizations gave a preparation of 
haemoglobin with an EjHh value only 7 p.c. of the £^/Hb in the original 
blood. It seems likely therefore that by very many recrystaliizations 
haemoglobin might be obtained free from carbonic anhydrase as well as 
from catalase, as has already been done as regards the latter only. 

The properties of such haemoglobin, if not too largely contaminated 
with ^‘inactive material,’’ would be interesting to compare with those 
of haemoglobin “purified” by the usual means. 

Freedom from hcematin compounds. 

No trace of haematin compounds could be detected in the purified 
alumina preparations, even when examined in very thick layers by 
spectroscopic methods. 

Distinction of carbonic anhydrase from other enzymes of the blood, etc. 

(a) Catalase. There is no correlation between the distribution of 
catalase and carbonic anhydrase: thus, for example, there is much 
catalase in yeast, but usually no detectable carbonic anhydrase. Further¬ 
more we found that our crude chloroform preparations, which contained 
abundant catalase as well as carbonic anhydrase, were freed entirely of 
catalase by means of the A1(0H)3 adsorption technique. Thus the filtrate 
obtained after the usual alumina treatment stiU contained a high pro¬ 
portion of carbonic anhydrase, but no catalase. 

(b) Peroxidase. Both the guaiacum and benzidine tests are negative, 
when apphed to our pure preparation. 

(c) Oxidase. Prehminary observations failed to detect blueing of 
tetramethylparaphenylenediamine, nor was any catalysis of oxidation 
of reduced cytochrome c to be observed. 
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So far then we feel justified in belie^dng tliat carbonic aiiliydrase 
is a new enzyme, distinct from any previously described enzyme or 
system. 

Protein tests^ etc, 

Tbe simple cbaracteristics of tbe solid obtained by evaporating the 
crude chloroform preparation to dryness have already been described. 
The active solid obtained by evaporating the purest solutions to dryness 
at low temperatures is colourless and almost transparent. 

The presence of proteins in the various preparations was looked for 
by the usual tests. The results are shown in Table I, which also includes 
the a-naphthol test. 

Table I. 

x4 = Crude chloroform preparation. 

5=Solution of solid prepared as in Section II, method B. 

0* = Purest solution (Ai(OH )3 filtration treatment, etc.). 


Test 

A 

Result 

B 

C 

Millon’s 

+ + 

4- + 

+ -f 

Xantho-proteic 

+ + 

+ + 

+ "f 

Sulphur 

■f -{- 

+ + 


Glyoxylic 

+ 

+ 

+ 

Biuret 



4- 

a-Naphthol 

+ 


4 - 


-f + = Marked reaction. 

= Moderate to slight reaction. 
? = Doubtful. 


Since in relatively pure solution the enzyme is only partially and 
variably precipitated by saturation with ammonium sulphate, and tends 
furthermore to pass through ultra-fdtration membranes to an appreciable 
extent, it is probable that the enzyme, if a protein, is a rather small 
molecule. 

Further work on such matters as the chemical composition of the 
enzyme, etc., its molecular weight, solubility and acid and base-binding 
properties, has been postponed until the efforts at maximum purification 
shall have been exhausted. 

Section IV. The stability, scope op action, and 

KINETICS OP THE ENZYME. 

Stability, 

(a) To temperature. The stability of the enzyme, in three different 
grades of purity, was tested by exposing the solutions to various tempera- 
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tiires for 30 rain., and tlieii measuring the activity as in Section I. The 
result was as follows: 

20° C. 55° a G5°C. 

Lysed corpuscles (1 part in 80 parts water) No loss 30 p.c. loss Completely destroyed 
Crude CHClg preparation „ — „ 

Very pure A 1 ( 0 H )3 preparation (in water) „ No loss 60 p.c. loss 

(5) To The same three preparations were taken to various 
for 30 min. periods, and then tested for actmty. 

Citrate phosphate buffer Borate 

,--^ buffer N/lOONaOH AVlONaOH 

pH 3 pH 4 pH 6-10 pH 11 pH 12 ' pH 13 

Lysed corpuscles Completely No loss No loss — — Completely 

destroyed destroyed 

Crude CHCI 3 pre- „ „ „ No loss No loss „ 

paration 

A 1 ( 0 H )3 preparation „ „ „ — 30 p.c. loss „ 

The scope of the reactions catalysed by carbonic anhydrase. 

The reactions COg + HgO and C 02 -f 0 H~' -^HCOg”". These 

reactions, i,e, the reverse to that so far dealt with in this paper, are of 
course also catalysed by the enzyme. The boat technique was again used, 
but in this case a two-compartment vessel was not necessary. 4 c.c. of a 
suitable buffer were placed in the boat, the latter connected by one lead 
through its cork to the manometer, and by a second lead through a very 
jBne capillary and a rubber tube with pinchcock to a vessel containing 
GOg gas at about atmospheres. About 25 sec. befb'|) shaking was due 
to begin the pinchcock was opened and COg allowed to stream into 
the boat until a suitable pressure, as shown by the manometer reading, 
was reached. This usually took 15 sec. 

After 10 sec. more, shaking was started and the uptake of 00^ 
recorded by the manometer readings at 0, 5, 10 and 16 sec., etc. 

For higher COg pressures than 50 mm. Hg, the water in the mano¬ 
meter was replaced by mercury and the technique slightly altered. 

Fig, 3 a shows the catalytic effect of 1 part crude CHCI 3 enzyme in 
40,000 parts solution upon the rate of uptake of OOg by 0*2 M phosphate 
buffer 7*6 at 17° C. The reaction is accelerated about eight-fold. This 
may be compared with the fourteen-fold acceleration of COg output 
produced by the same concentration of this sample of enzyme when 
tested by the method of Section I. At pH 7*6 the uptake of COg occurs 
almost entirely through the reaction GOgH-HgO ^HgCOg. Fig. 3 6 , 
however, gives the uptake of COg by a solution containing 0*7 M IsTaHCOg 
and 0-57 M MagCOg . The pH of this solution being about 10 , the reaction 



128 


U. 21ELDRU3I AND F. J, F. RODGHTON, 


COg +■ 0H“ HCOg" is also occinring to a marked extent according to 
Faiirliolt [1925], confirmed by Brinkman, Margaria and Rongbton 
[1933]. One part of crude CHClg enzyme in 40,000 parts of solution 
accelerates in tils case, but to a less extent, viz. 1-7-fold. 



Fig. *3 a. 1 =Rate of uptake of CO 2 by 0*2 M phosphate buffer pH 7*6; 11=Rate ’of uptake 
of CO 2 by 0*2 31 phosphate buffer pH 7-6, uith crude CHCI3 enzyme 1 in 40,000 
added. Temp. 17^ C. 



Fig. 36. III=Rate of uptake of CO. by 0-71 31 XaHCOs—O-o? M NaaCOs;! IV=Bate of 
uptake of CO. by 0*71 3/ J^aHCOg—0-573/ r^a^COg, with crude CHCI 3 enzyme 1 in 
40,000 added. Temp. 17°C. 

Tbe enzyme can also be sbotm to catalyse CO^ uptake by pH 11 
solutions of Na^COg, in wMcb case the uncatalysed process occurs almost 
entirely ma the reaction CO^ -f- OH” ^ HCO3”. 
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Some more composite processes catalysed by carbomc ankydrase. 

Any complex process, in wHcli tbe reaction C 02 -|-H 20 ^ H 2 CO 3 or 
CO 2 + OH- HCOg" is a link and is a limiting factor in the over-all speed 
of tte wtole, skoiild be accelerated by carbonic anbydrase. Four cases 
of tMs kind were investigated, all of possible physiological bearing. 

(a) The solution of CaCOg by weak acids other than carbonic add, i.e. 
CaC 03 4 - 2 HA Gb.A^ + 11^00^, followed by H^COg -> COg + H^O. If the 
chalk is shaken violently enough, the reaction H 2 CO 3 CO 2 + H 2 O tends 
to become a limiting factor. 

A 2 p.c. suspension of CaCOg in water was shaken at 0 ° C. with an 
equal volume of acetate buffer pH circa 5, total acetate cone. 0-7 i¥. 
One part of crude GHClg enzyme per 10,000 parts of suspension accelerated 
the solution of CaCOg three times. 

(b) The solution of CaCOg by carbonic acid to form calcium bicarbonate, 
Exp.: 20 c.c, of saturated Ca(OH )2 were shaken in a 70 c.c. boat with 
pure CO 2 at atmospheres initially. 

The uptake of COg was followed manometricaUy. There was at first 
a rapid uptake of COg occasioned by conversion of the Ca( 0 H )2 into 
CaCOg with precipitation of the latter. This was followed by a smaller 
slow uptake due to the partial conversion of insoluble CaCOg into slightly 
soluble Ca(HG 03)25 Le, COg+HgO HgCOg, followed by HgCOg-h CaCOg 

Ca(HC03)2. 

That the reaction COg+HgO -^HgCOg is to some extent limiting 
was shown by addition of crude CHClg enzyme 1 in 16,000. 

The slow process was then accelerated about twelve times at 0° 0. 

The rates of solution and deposition of CaCOg are of biological interest 
in regard to the formation of shells and other calcareous deposits. 

(c) The uptake of CO 2 by ammonia solution. This was also measured 
manometricaUy. There is first of aU a very rapid uptake of COg, due to 
the formation of ammonium carbamate, i.e. 2^13^ + COg IHIgCOONH^ . 
This is foUowed by a long slow process in which ammonium carbonate 
and bicarbonate are formed, the final proportions of carbamate, carbonate 
and bicarbonate depending upon the initial amounts of NHg and COg. 
Of these two processes, the rapid one, i.e. the carbamate formation^ does 
not seem to be affected by carbonic anhydrase, but the slow one is much 
speeded up. Thus with iM ammonia, 1 part of crude GHClg enzyme in 
6000 parts accelerated the slow process ten times and even in ^'Ammon. 
Fort.’" (sp. gr. 0*880) the enzyme stiU showed appreciable activity. This 
is a striking instance of its robustness. 


PH. LXXX. 


0 
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(d) If an equiEbrinin mixture of ammonium carbamate, carbonate 
and bicarbonate is shaken with CaSO^ suspension, the carbonate and 
bicarbonate react very quickly with the CaS 04 to form (NH 4 ) 2 S 04 and 
CaCOg (which is precipitated): calcium carbamate is, however, relatively 
soluble and does not precipitate, but with the removal of the carbonate 
from the sphere of action, the carbamate changes over slowly into 
carbonate which then precipitates. Eaurholt [1925] has shown that 
the conversion of ammonium carbamate into bicarbonate and carbonate 
occurs, not by a simple addition of water as has often been thought, 
but by a two stage process. 

NH2COONH4 2NH3+CO2, 

HCO 3 -, foUowed by HCO 3 -+ OH^COg-" + H^O. 

If so, then the precipitation of CaCOg in the slow stage should be 
accelerated by carbonic anhydrase. This was confirmed by estimating 
the amount of CaCOg precipitate formed after various periods of shaking. 
In the slow stage 1 part crude CHClg enzyme in 1000 parts accelerated 
the process about 3*5 times at 19° C. 

Examples (c) and (d) are of physiological hearing in regard to the 
role of carbonic anhydrase in the interaction of carbamates and bicar¬ 
bonates. In our adjoining paper [1933 6 ] we give new evidence for 
the existence of protein-carbamate compounds in physiological fluids 
especially at low temperatures. 

So7ne notes on the hinetics of the enzyme. 

Only preliminary observations have been made so far upon the effect 
of varying enzyme concentration, substrate concentration, temperature, 

and neutral salts upon the kinetics of the reaction. 

(а) Enzyme concentration. All the data so fax available have been 
given in Section I. 

( б ) Substrate concentration. Experiments have been done upon the 
effect of varying the pressure of COg upon the rate of COg uptake by 0*2 M 
phosphate buffer pH 7*6, and by 0-7If NaHCOg-F0*5711 jSTagCOg pH 
circa 10 . In Fig. 4 the rate is plotted against COg pressure both for 
the uncatalysed and the catalysed reaction in both cases. For the 
catalysed experiments 1 part crude solid enzyme per 40,000 parts solu¬ 
tion was used at both pH’s. From 20 mm, Hg to 380 mm. Hg the rate of 
the catalysed reaction is proportional to the COg pressure, but falls off 
at higher pressure in the pH 7*6 case. A similar result was found for 
rate of uptake of COg by 4 If NHg almost saturated with NaCl; in this 
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case, owing to tlie depressing action of tte strong NaCI, 1 part of the 
same crude solid enzyme per 800 parts of solution had to be used. This 
indicates that the Michaelis constant of the enzyme [see Haldane, 
Enzymes, 1930] is small, both in conditions where the acti^dty of the 
enzyme is high, and also where the activity is low. 

The uptake of COg is a far more suitable case for studying the effect 
of varying the concentration of substrate than is the output of 00^, for 
with the boat technique the pressure of COg can be varied from 10 mm. 
Hg to 1500 mm. (i.e. 150-fold), whereas the concentration of KaHCOg 



Fig. 4. Relation between substrate concentration and 
accelerating effect of enzyme. 

cannot be conveniently varied more than about fifteen-fold. Further¬ 
more, in the latter case with high concentrations of NaHGOg activity 
effects and other “neutral salt” effects, cause serious disturbances, but 
with high pressures of OOg in uptake experiments these troubles do not 
arise. 

Only one experiment has so far been done on GO^ output with varying 
substrate concentration. In this it was found that 1 part crude CHCIg 
enzjrme in 8000 accelerated CO 2 output from 1*011 NaHGOg-f l-OM 
phosphate buffer pK 6*8 three times, whereas 1 part of the same enzyme 
in 40,000 accelerated 00^ output from the usual 0*2 If N‘aHC 03 -fO* 21 f 
phosphate ten times. 


9—2 
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(c) Effect of temferature. Tlie rate of 00^ output by tbe standard 
teclmique of Section I at 0-2° C. and 19*2® 0. sbowed a temperature 
coefficient per 10"" 0. of 2*1 for the catalysed part of the reaction, the 
enzyme used being a purified Ca 3 (P 04)2 preparation. Much further work 
is needed here also. 

(d) Effect of |}H. This has not yet been studied systematically, but 
the impression gained is that the enzyme has an optimum in the physio¬ 
logical range. For CO 2 uptake experiments above ffK 11, and for output 
experiments below pH 5*5, it will be necessary to resort to Hartridge 
and Houghton’s rapid reaction methods, or perhaps to some variant 
of the processes discussed under the heading '‘Scope of enz 5 niie action’’ 
in this section. 

(e) Neutral salts. High concentrations of salt, especially NaCl, have 
been found to exert a very depressing effect upon the enzyme activity 
both in COg output and COg uptake experiments. 

(/) A special advantage of carbonic anhydrase for kinetic studies, 
Brinkman, Margaria and Houghton [1933] have measured the rates 
of the reactions H^COg COg 4- HgO under the conditions where the time 
for the reaction to be half completed ranged from 15 min. to 0-01 sec., 
Le, a 100,000-fold variation. These same methods are applicable to the 
catalysed reaction, which it is therefore hoped to follow over a much 
wider range of enzyme concentration than has been tried in the case 
of any other enzyme reaction. 

Section V, The action op vakious inhibitors, and 

POSSIBLE ACTIVATORS. 

The substances which have been tried maybe divided into four classes: 

{a) Those which might act by poisoning some active centre in the 
enzyme of a metallic type {e.g. a hsematin, iron or copper nucleus), viz. 
carbon monoxide (in dark and in light), cyanides, sulphides, azides, 
pyrophosphates. 

{b) Other anions which have been shown to inhibit particular enzyme 
systems, viz. iodoacetate, fluoride. 

(c) An extensive series of metallic salts, representative of most of 
the groups of the periodic table. 

(d) Miscellaneous substances. 

The general method used for testing the activity of the enzyme in 
presence of these various substances has been that described in Section I. 
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Classes {a) and ( 6 ). 

Carbon monoxide, Tiie boat tecbnique was used with, tbe following 
modification: tbe pbospbate solution and bicarbonate solutioUj witb 
enzyme contained in one or other of them, were saturated with pure CO 
in Thunberg tubes. Controls in which the enzyme was added sub¬ 
sequently showed that this shaking did not itself cause inactivation of 
the enzyme. 

2 c.c, of each CO saturated reagent were then placed in the boat, the 
air in the latter replaced by pure CO, and after temperature equilibra¬ 
tion the boat was shaken and CO 2 output followed in the ordinary way. 
The CO was prepared by acting on sodium formate with cone. H 2 SO 4 
and was stored under pressure over alkaline sodium hydrosulphite. It 
thus contained no Og or CO 2 . Controls in which hydrogen was stored 
over alkaline sodium hydrosulphite under the same conditions showed 
that the gas did not thereby acquire any traces of inhibitory substances 
{e,g. SOg, HgS or particles of liquid spray). For experiments in the dark 
the water in the bath was replaced by a deeply coloured dye solution, 
whilst for light experiments a mirror was placed at the bottom of the 
bath, and a 100 watt lamp was placed just above the surface of the clean 
water in the bath. 

The results of some experiments are given in Table II: 

Table II. 

Activity expressed in 
p.c. of activity in air 

Nature of enzyme ( --\ In CO dark 


preparation 

Date 

In CO dark 

In CO light 

In CO light 

Dilute human blood 

29. iv, 32 

— 

— 

80-0 p.c. 

Crude GHCI3 enzyme 
A1(0H)3 purified enzyme 

16. ix. 32 

36*0 

32-0 

112-0 

20. iv. 32 

360 

700 

530 

Ca 3 (P 04)2 purified enzyme 

23. vi. 32 

56-1 

69-5 

94-5 

j» jj 

22,viii. 32 

23-3 

30-5 

77-0 

jj 

29. vi. 32 

25-0 

22-7 

110-0 


In all instances carbon monoxide produced a large inhibition in the 
dark; in half the cases, viz. the crude blood, the A 1 ( 0 II )3 preparation 
and one of the Ca 3 (P 04)2 preparations, this inhibition was partiaBy 
reversed by light, though in the other cases the light rate and the dark 
rate in CO were almost the same within experimental error. In none 
of the four purified preparations was there any visihle trace of hsematin 
present, but aU these showed marked inhibition by CO in the dark, and 
in two cases this inhibition was partially reversed by light. Further work, 
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liowever, is needed to discover wliy tlie effect of ligkt is variablej and in 
positive cases to investigate its action in detail. 

Cyanides, The action of HCN (prepared by neutralization of KGN to 
pH7'4) was studied upon crude blood and upon tbe enzyme in tbe 
various stages of purification described in Section II, raethods B and 0, 
Tbe effect of various concentrations, ranging from M/SOO to JIf/16,000 
HON, upon a Ca 3 (P 04)2 purified enzyme solution, is shown in Fig. 5. 
Practically complete inhibition is produced by ilf/800 HCN. The latter 



Fig. 5. Effect of various concentrations of HCjST upon activity of enzyme. 

was also found to be the case with four different samples of crude ox 
blood, one sample each of horse blood and whale blood, and one sample 
of enz 3 rme purified by method B of Section 11. 

Considerable inhibition by M/4000 HCN was noted in the case of one 
sample of A 1 ( 0 H )3 purified enzyme, including the ultra-filtrate from the 
latter through a 6 p.c. Bechhold membrane, and also in the case of 
one sample of human blood. These two cases were not tested with 
M/800 HCN. 

At the outset of our research we met with a solution of electro- 
dialysed ox hsemoglobin, which showed slight activation by M/1000 HCN 
instead of inhibition. Brinkman [1932] also has met with such cases. 
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Unfortunately we threw away all our material before we realized its 
value, and since then we have met with no other such case, though we 
have been continually on the look-out. The detailed investigation of an 
anomalous sample of such a kind might well throw important light on 
the nature of the enzyme. 

Sulphides. The same group of enzyme preparations as those studied 
for cyanide inhibition (with the exception of human and whale bloods 
and the Ca 3 (P 04)2 purified enzyme, none of which were tested at all) also 
showed complete inhibition by lf/1000 NagS. At lower concentrations 
than M/1000, sulphide appears to he a somewhat more effective inhibitor 
than cyanide. Sodium sulphide was also shown to inhibit the catalysis 
of CO 2 uptake by 4-0 M aqueous ammonia. 

Sodium azide (NaKg). A M/500 solution of this reagent was tested 
on one sample of Al(OH )3 purified enzyme and caused a partial in¬ 
hibition. 

Pyrojphosjfhate, sodium fluoride (M/1000), sodium iodoacetate (11/1000), 
were all negative as regards inhibition. 


Class (c). Metallic salts. 

Salts of twenty-three different metals were tried, the final con¬ 
centration in most cases being M/1000 or M/2000. A Ca 3 (P 04)2 purified 
enzyme preparation was used in every case except Na, K and Mg. In 
the latter a crude CHCI3 preparation was used. Negative results were 
found in the following groups of the periodic table. 

Group 1 A. Na, K. 

Group 2 A. Be (as sulphate). Mg (as sulphate), Ca. 

Group 2 B, Cd (as sulphate and as chloride). 

Group 3 A. Ce (as chloride). 

Group 3 B. AL 

Group 4 A. Ti (as chloride). 

Group 4 B. Pb (as nitrate). 

Group 6 A. Or (as chloride). 

Group 7 A. Mn. 

Group 8 . Fe (as ferrous sulphate + ferric chloride), Co (as nitrate), Ni (as chloride), 
E^PtCle. 

Positive results were found for: 

Group 1 B. Cu (as 0*0005 ill CUSO 4 recrystallized) 

Ag (as 0*001 if nitrate) 

Au (as 0*001 if HAuClJ 

Group 2 B. Zn (as 0*001 M ZnS 04 not reciystaUized) 

Hg (as 0*0005 if HgCl^ recrystaliized twice) 

Group 5 A- Va (as 0*001 if vanadyl sulphate not recrystaliized) 

With the exception of vanadium, metals which act as poisons to 
carbonic anhydrase are those of Groups 1 B and 2 B only. Such also have 


About 60 p.e. inmbition 
Large inhibition 

About 50 p.e. inMbition 
Large inhibition 



136 


N, U. MELDRUiM AND F, J. W. ROVGHTON. 


been observed for a number of other enzymes, viz. santMne oxidase 
[Wieland and Mitchell, 1932], saccharase [Mj^rbach, 1926], papain, 
kathepsin [Krebs, 1930], and may indeed be an empirical principle of 
wide application for enzymes. The present case, however, cannot yet 
be quoted as a satisfactory example, because the reagents used in testing 
the enzyme activity, viz. phosphate and bicarbonate at pH 9-2, both 
form precipitates with many of the metals tested. Some of the inactive 
metals may have been ineffective on account of this purely inorganic 
factor, and we cannot be sure that if it were controlled there would any 
longer be such a sharp demarcation between them and the active group 
Cu, Ag, Au, Zn and Hg. 

Such control would be very difficult to effect. At all events there is 
no doubt that Cu, Ag, An, Zn and Hg are strong poisons for carbonic 
anhydrase. 

Class (d). Some other substances. 

Indifferent gases: Ng, Og, Hg. The activity of the crude CHClg enzyme 
in nitrogen, oxygen and hydrogen was found to be the same as in air. 

Phenylurethane, This was chosen as an example of a commonly used 
cell narcotic. The phosphate and bicarbonate solutions were saturated 
with phenylurethane by shaking in Thunberg tubes for an hour or 
more and were then allowed to stand. Horse haemoglobin, crude CHClg 
enzyme, and Ca 3 (P 04)2 purified enzyme all showed about the same 
inhibition, i,e, roughly 50 p.c. 

Saponin. A 4 p.c. solution of ox blood dissolved in 1 p.c. saponin 
showed the same activity as a 4 p.c. solution of the same ox blood in 
water. 

Hydrazine sulphate, A 0-002 M solution had no effect upon the activity 
of a crude GHGlg preparation. 

Ferricyanide, Blood dissolved in 0*001 M K^PeCyg has the same 
activity as blood dissolved in water. 


SECTI03V VI. The bisthibtjtioh of the enzyme and some 

PHYSIOLOGICAL CONSIBEEATIONS. 

Distrihdion, 

During this work, many estimations of the enzyme content of goat, 
ox and human blood have been made. These are collected in Table III, 
which also gives the content of some other mammalian bloods in single 
instances. 
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Table III. 

No. of E/c.mm. 

Average 

EjQ.mm. 

Animal 

cases 

blood 

blood 

Goat (anaesthetized) 

11 

1-30-6-10 

2*80 

Ox (defibrinated) 

6 

0*60-1*80 

1*10 

Man 

8 

0*37-0*68 

0*55 

Babbit 

2 

0*71-1*72 

1*21 

Goat (normal) 

1 

1*35 

1*35 

Horse 

1 

0*64 

0*64 

Bat 

1 

1*70 

1*70 

Whale 

1 

1*40 

1*40 


The values were the same, whether clotting was prevented by 
defibrination or by oxalate. In any one species there is a two- to four¬ 
fold variation or more in normal animals; this suggests that the normal 
carbonic anhydrase content of mammalian blood is abundantly in excess 
of minimum physiological requirements. It seems doubtful whether 
there is any significance in the higher average content of goat’s blood 
as compared with ox, and man. 

During the last four months of this research we were lucky enough 
to have the opportunity, through the kind oflices of Prof. Baroroft 
and his colleagues, of studying an exceptionally interesting case of 
distribution. 

About a dozen female goats were ‘"stocked” during the latter part 
of January 1933 and were operated on in roughly successive weeks from 
March 20 to June 1. Samples of the foetal blood and maternal blood 
(treated with oxalate and fluoride) were given to us in each case and 
the carbonic anhydrase content of each estimated. The results are shown 
in Table IV, together with a single case of whale mother and foetus, the 
blood of which was kindly supplied by Mr A. Laurie, 


Table IV. 


Date of 

Date 

A?/c.mm. mother 

H/c,mm. foetal 

Activity of foetal blood 
expressed in p.c. of 

operation 

stocked 

blood 

blood 

activity of mother blood 

Mar. 23 

Deb. 2 

1*6 

<0*010 

<0*5 

April 11 

Jan. 30 

3*6 

0*022 

0*6 

„ 13 

» 24 

4*2 

0*140 

3*3 

„ IS 

» 23 

1*8 

0-060 

34 

„ 24 

„ 21 

6*1 

0*110 

1*8 

May 1 

„ 20 

1*3 

0-067 

5*2 

« 5 

» 19 

1*6 

0*056 

3-6 

12 

„ 18 

1*9 

0*066 

3*5 

” 22 

16 

1*7 

0*040 

2*3 

” 31 

„ 12 

5*0 

0*456 

9*2 

June 1 

Unknown, pro¬ 
bably 15 weeks ± 
Whale foetus of 

1*9 

0*292 

15*0 

May 31 

14 

0*350 

25*0 

unkn own age 
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In tie very young foetuses there is extraordinarily little enzyme and 
tie amount does not begin to rise appreciably till very near tie end of 
term. Since tie fcetuses live in an all fluid environment tiere is periaps 
not so much need for the enzyme, since it is possible for them to excrete 
HCOg- into the mother blood as well as COg. It is, however, indispensable 
for them to have a good supply before parturition occurs, otherwise 
when they begin to breathe they may not be able to excrete CO 2 gas into 
their expired air fast enough. The consequences of the low content of 
enzyme in foetal blood must indeed be taken fully into account in working 
out quantitatively the gas exchange between maternal and foetal blood 
in the placenta. Finally, since the haemoglobin content of the foetal 
blood was never less than 50 p.c. of that of the maternal blood, this 
series of experiments gives a clarion instance of the independence of the 
enzyme from hemoglobin. 

The distribution of the enzyme in the blood of lower organisms, e,g, 
earthworm, planorbis, etc., was reported in the preHmiaary communica¬ 
tion of Brinkman, Margaria, Meldrum and Eoughton [1932]. The 
measurements of activity were made by a portable, but much less ac¬ 
curate, modification of the boat technique, and are too rough for values 
of EjC.mm. to be worth calculating. 

Tests on some other materials besides blood have been made with 
the following results: 

Coin's milk, normal human urine. Both inactive even when 1 part 
in 10 is added to the phosphate solution in the boat test. 

Rabbit's sperm,. Showed a content of 0*0034 E/c.mm. This sperm was 
kindly supplied by Dr J, W a 11 o n and appeared to be quite free from blood. 

Muscle extract. Water extracts of the hind limbs both of a dog and 
a cat were made, after the muscles had been perfused with isotonic 
saline until the issuing fluid was almost free of blood hsemoglobin. In 
both cases an activity was observed, and it was found that the enzyme 
activity of the muscle extract/content in muscle hsemoglobin (measured 
colorhnetrically) was roughly equal to the enzyme content of the blood/ 
hsemoglobin content of the blood of the same animal. 

Plasma. Iso carbonic anhydrase could be detected in oxalated 
rabbit’s plasma even when tested 1 part in 10, provided that allowance 
was made for the very slight amount of laking of the red corpuscles 
which occurred before the plasma was separated. This is confirmed by 
the experiments with unlaked goat’s blood described below. 

Yeast No enzyme could be detected in an extract of 15 g. Belgian 
top yeast ground with 100 c.c. of a mixture of lf/5 Na 2 HP 04 and M/5 
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K 2 HPO 4 and allowed to stand for 24 Lours at 1° C. before being centri¬ 
fuged. 

In one experiment with a zymin preparation a slight positive effect 
was noticed. This needs confirmation. No carbonic anhydiase has yet 
been found in green plant material. 

Comparison hetiveen lahed a^id unlaJced blood. 

In early experiments, confirmed recently, with defibrinated ox blood, 
obtained from the butcher, we noticed that the activity of unlaked blood 
was about 23-35 p.c. of that of the same amount of laked blood. This 
was also true if the unlaked blood corpuscles were washed three times 
with saline to eliminate the sKght laking which is almost always present 
in defibrinated blood. We attributed the lower activity of the unlaked 
corpuscles simply to the fact that the substrate has to diffuse into the 
corpuscles before it can react with the enzyme, so that this is another 
case of chemical reaction velocity and diffusion being joint limiting 
factors [Roughton, 1932]. 

We were, therefore, surprised to find that in goat’s blood, drawn in 
the laboratory by syringe from a vein, the activity of unlaked corpuscle 
suspensions was, in all cases but one, only O-OS-O-Ol p.c. of the activity 
of the same amount of laked blood, when tested by the method of 
Section 1. In each case the blood was put in the 0*2 M phosphate, and 
the result was the same whether the goat was ansesthetized or not and 
independent of whether clotting was stopped by defibrination or by 
oxalate-fluoride solution. 

The fact that whole blood was used for these “unlaked’’ experi¬ 
ments also confirms that plasma and serum are both practically inactive. 
The very slight activities observed may indeed be due to traces of laking. 

The result must apparently be a permeability effect of the corpuscle 
membrane, which may depend upon the species of animal, the manner 
in which the blood is drawn, and the medium in which it is suspended. 
In any case, much further work on these lines is needed not only to 
clear up the subject for its own sake, but also to enable us to assess the 
activity of carbonic anhydrase in circulating blood in vivo. 

Possible rSle of the enzyme in other processes than evolution of COg in the lung. 

Carbonic anhydrase may possibly have some effect in earlier stages 
of the metabolism, than the final one in which GOg is evolved from the 
body. The only one so far tested is the fermentation of glucose-phosphate 
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mixture pH. 7*6 by zjroiiii at 26° C. No effect was obseryed. Many 
otter possibitties, snct as decarboxylation, formation of urea in the 
liver, effect in muscular activity, etc., need to be explored, as do also 
tte effects of injection of tte purified enzjmie. Brinkman [private 
comnmnication] tells us that he has made a start at the latter problem. 
Further work, on such lines, is contemplated in collaboration with him 
and Ms co-workers. 

Summary. 

1 . Carbonic anhydrase is an enzyme present in red blood corpuscles 
(but not in the blood plasma) which catalyses both phases of the re¬ 
versible reaction H 2 C 03 z;±:C 02 +H 20 . It is thus of prime physiological 
importance in the formation of COg from bicarbonate in the lung. 
Without it, CO 2 could not be excreted nearly fast enough for the needs 
of the body. 

2. The activity of the enzyme can be estimated by its accelerating 
effect upon the evolution of GOg from a mixture of 0*2 M phosphate 
buffer pH 6*8 with 0*2 M bicarbonate. At low concentrations of enzyme, 
the acceleration is directly proportional to the amount of enzyme 
added, 

3. The enzyme can be separated from the hasmoglobin of the red 
blood corpuscles by coagulating the hsemoglobm. Three different methods 
were tried with success. In the best of these, ox corpuscles are treated 
with an equal volume of 40 p.c. alcohol, and then with half their volume 
of chloroform. The mixture is then shaken and centrifuged. The super¬ 
natant fluid is practically colourless and contains roughly 50 p.c. of the 
total enzyme of the blood. TMs crude preparation is further purified 
by adsorption with A 1 { 0 H )3 cream or Ca 3 (P 04)2 suspension and by 
ultra-filtration. The purest product is about 1800 times as active as the 
original blood and seems to be free from hsemoglobin, hsematin, catalase, 
peroxidase and oxidase. The enzyme is very stable when evaporated to 
a solid. 

4. The enzyme is stable in solution over the range pH 3~"12. Its 
solution in water is destroyed by 30 min, heating at 65° C. It shows 
most of the protein reactions. It accelerates a number of processes with 
over-all velocity dependent upon the rate of one or other of the reactions 
COg+HaO ^HaCOg, or COg+OH-^HCOa”. 

5. The enzyme is poisoned by GO, cyanides, sulpMdes, azides, On, 
Ag, Au, Zn, Hg, phenylurethane. A number of other substances were 
tested, but had no effect. 



CARBONIC ANHYDBASE. 


141 


6. Preliminary work has been done on the kinetics of the enzyine 
action, and the effect of temperature, salts and thereon. 

7. The fmtal blood of goats has far less enzyine than the maternal 
blood, but the content rises towards the end of gestation, A suspension 
of unlaked corpuscles is much less active than a solution of laked cor¬ 
puscles. 

8. Some other instances of the distribution of the enzyme are given. 
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THE STATE OF CARBON DIOXIDE IN BLOOD. 

By the late N. U. MELBEUM and E. J. W. BOUGHT OK 
{From the Physiological and Biochemical Laboratories, Cambridge.) 

{Received August 2, 1933.) 

Introduction. 

In another paper in the present Journal we [Me Id rum and Roughtonj 
1933 &] have described the isolation from blood corpuscles of the enzyme 
carbonic anhydrase, which catalyses both phases of the reversible re¬ 
action HgCOg:^ CO 2 + H 2 O. In the introduction to that paper and else¬ 
where we pointed out that it is only through the presence of this enzyme 
that such CO 2 as is carried as bicarbonate in the blood can be transported 
to the expired air fast enough for the needs of the body. If all the 
carbonic anhydrase is either removed from the blood, or is prevented 
from acting by the addition of some poison, e.g. cyanide, then the change 
from CO 2 to bicarbonate and vice versa must become relatively slow, and 
any rapid chemical processes still occurring between such ^‘mutilated” 
blood and COg must be due to some other chemical reaction. 

We shall begin by describing the rate of COg output from, and COg 
uptake by, cyanide blood as compared with normal blood. 

By such means we have confirmed the view of Henriques [1928] 
that, under suitable circumstances, appreciable amounts of COg combine 
rapidly and reversibly with blood to form compounds of some other 
kind than bicarbonate, and to a greater extent in reduced blood than 
in oxygenated blood. We next give a series of experiments upon COg 
uptake at various pH’s by ammonia, certain amino acids and poly¬ 
peptides, which parallel very closely the experiments upon cyanide 
treated blood, and hence lead to the conclusion that the GOg compound 
m the case of blood is of the same type as in the case of the simpler 
amino compounds, namely of a carbamate type. In the last section of 
this paper we consider the results of previous workers upon the nature 
of CO 2 compounds in blood in the light of this conclusion, and also discuss 
shortly the physiological importance of carbamates in COg transport. 



144 


A". U. MELDEmi AND F. J. F. BOUGHTON. 


Section I. GO^ output experiments on normal and on 

CTANIBE-POISONED BLOOD. 

To begin with, it will be useful to recall Henriques’ [1928] experi¬ 
ments in some detail. Hsemoglobin solutions or serum were equilibrated 
with various COg pressures, and 2 c.c. samples of such solutions were 
then introduced suddenly into the evacuated chamber of a modified 
van Slyke gasometric apparatus. Immediately afterwards the ap¬ 
paratus was shaken for a known period, at the end of which the shaker 
was stopped and the amount of CO 2 , which had escaped into the gas 
phase, was measured by the usual methods. A series of such experiments 



Pig. 1. Rate of evolution of CO 2 from Lffimoglobin solutions and from 
serum as studied by Henriques. 

with shaking periods of 5 sec. and upwards (to 10 min .) gave the curve 
of CO 2 evolution plotted against time. 

In the case of horse serum the curves were of the type shown in 
Fig. I, A, ix. were similar to those of Brinkman, Margaria and 
Houghton [1933] for the rate of COg evolution from mixtures of 
bicarbonate and phosphate buffer, and mdeed the actual rate of COg 
evolution from serum was of the order to be expected from the velocity 
constants of the reaction HgCOgU;^: GOg-f HgO in absence of catalyst. 

In the case of horse haemoglobin solutions, however, the curves were 
of a different type (Fig. 1, B). A certain proportion (in some cases as 
much as 40 p.c.) of the COg came off very suddenly in the first 5 sec., 
whereas the remainder of the COg came off in the same gradual manner, 
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and at about tlie same rate as, from serum or from pbospliate-Mcar” 
bonate mixtures of tbat pH. Henriques tliougM tliat tie sudden 
rapid evolution of CO 2 could not be explained bv tie presence in Ms 
isemoglobin solutions of a catalyst for the H^COg HgO -f COg reaction, 
for there seemed no conceivable reason why such a catalyst should only 
act for 5 sec. and then stop acting. He attributed it, on the other hand, 
to the rapid dissociation of a reversible compound between COg and 
haemoglobin, which he called ''carbhsemoglobin.'’ 

These results were very mystif 3 dng to us, in view of the large amounts 
of carbonic anhydrase present m blood, and of the fact that haemogiobin 
solutions prepared by the ordinary methods have so far proved to be 
richly contaminated with this enzyme. 

We started then by repeating some of Henriques’ experiments 
with a more labour-saving technique wMch enabled us to get the whole 
curve for the CO 2 evolution on one sample of solution in a single 
experiment: 

2 or 4 c.c. of ox blood, laked by freezing and thawing, was equilibrated 
thoroughly with air containing 50 mm. Hg pressure of COg, and then 
introduced suddenly into a glass boat-shaped vessel (capacity 72 c.c.), 
mounted in a shaker in a constant temperature water bath. The boat 
was then at once closed by a stopper, a lead through wMch connected 
with the manometer, and the shaker started as soon as possible. From 
readings of the manometer at 5, 10, 15, 30 sec., etc., the curve of COg 
evolution was plotted. This technique is thus a particular example of 
the ‘^boaM’ method of Brinkman, Margaria and Roughton [1933], 
used by them in studying the kiuetics of the uncatalysed HgCOg CO 2 
-fHgO reaction. 

The results with normal laked blood, whether of ox or horse, were 
always of the type shown in Fig. 2, C. There was no evidence of the 
curve consisting of two phases, one rapid, the other slow; on the other 
hand the COg evolution proceeded smoothly to completion in about 
60-90 sec. It was indeed just what we expected, for the laked blood 
contained abundant amounts of carbonic anhydrase, and tMs should, 
have caused the COg to be formed from the bicarbonate of the blood and 
evolved into the gas phase as fast as diffusion conditions permit. In the 
boat method, controls have shown that, with watery solutions, diffusion 
prevents the evolution of COg into the gas phase being completed in less 
than 20 sec., no matter how fast the antecedent chemical formation of 
dissolved COg takes place. It is not surprising that with a much more 
viscous medium-laked blood the time should be about thrice as long* 

10 
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The only explanation of Henriques' results, whicli we could think 
of, was that in some way or other the carbonic anhydrase in his h^nao- 
globin solutions had got eliminated or else poisoned. 

To test this idea, we repeated one experiment with the addition to 
the blood of 0-lJiHCN (prepared by neutralizing KCN with acetic 
acid to pH 7*4). 

Experiments to be described later show that this amount of cyanide 
is needed to poison the carbonic anhydrase in whole blood completely. 



Fig. 2. Effect of poisoning carbonic anhydrase upon rate of evolntion of CO^ from blood. 
B, Blood shaken with 50 mm. COo, then O’li/HCN added; 0. Blood shaken with 
50 mm. CO 2 , then 0*11/ NaCl added; then shaken with CO 2 free gas phase at 0° C. 

The curve now obtained, Fig. 2, B, shows the typical diphasic effect 
of Henriques, a large part of the COg coming off very rapidly and the 
remainder only gradually. The total amount of CO 2 evolved was very 
nearly the same as that evolved in a control experiment in which the 
blood was treated with OTJfNaGl, so as to make the ionic strength 
the same as in the cyanide-treated blood. 

Several confirmatory experiments with slightly varying technique 
gave a similar result, so that our explanation of Henriques’ observa¬ 
tions is probably correct. To clinch the matter it would be necessary 
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to prepare horse heeraoglobin solution in exactly the same manner as 
Henriques did. It is hoped that it may shortly be possible to do this 
in conjunction with Dr Henriques. 

At this stage we gave up our experiments upon COg output of blood, 
and turned instead to the converse process, namely uptake of CO^ by 
blood initially free (or almost free) of CO 2 . COg uptake experiments of 
this kind do not seem to have been done before, but have several marked 
advantages over the COg output experiments of Henriques: (a) As 
far as the bicarbonate mechanism is concerned the rate of uptake is de¬ 
pendent upon the velocity of the hydration reaction C 02 -I-H 20 HgCOg. 
At physiological pH and in absence of carbonic anhydrase the velocity 
of this process in the forward direction = F(C 02 )(H 20 ) and, until the 
later stages when the back reaction becomes important, is independent 
of the buffer power and pH of the solution. It will be remembered that 
Hawkins and van Slyke [1930] criticized Henriques for failing to 
note the importance of the pH and buffer power of the solution in his 
CO 2 evolution experiments, (b) The hydration reaction, being one in 
which two molecules, viz. COg and HgO, react together, is scarcely 
affected by activity coefdcient corrections. The dehydration velocity 
H 2 GO 2 ->H 20 -fC 02 , which governs the output of CO 2 in absence of 
carbonic anhydrase, is on the other hand very much affected by activities, 
for its rate is proportional to (H 2 OO 3 ) which, in turn, is always propor¬ 
tional to the product of thl')jJiydrogen activity and the bicarbonate 
activity. There is still great unCrtainty as to the value of the activity 
coefficient corrections in strong pf^tein solutions, (c) Lastly COg uptake 
experiments can be carried out not only at physiological pH’s, but also 
at far more alkaline pH’s (up to pH 11). Experiments over a wide range 
of pH have proved very valuable in determining the nature of the CO 2 
compounds formed. 

Section II. CO 2 uptake experiments on normal anb on 

CyANIBE-POISONED BLOOD. 

Technique. 

The details of the experimental technique will be described for the 
uptake of CO 2 by reduced laked blood poisoned with cyanide, and the 
small modifications for the other cases can then be treated very briefly: 

(i) Preparation of GO^free reduced laJced blood. 40 c.c. of defibrinated 
ox blood is mixed with 3 c.c. 0-2 M acetic acid [for a reason to be given 
later] and placed in a 1500 c.c. Biichner flask and the latter evacuated 

10--2 
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in a ivater batli^ tempexatnxe 30-40'' C,, for 1 min. Tlie connection to the 
filter pump is then closed, and the flask shaken Tiolentlv by hand for 
1 min. Nitrogen from a commercial cylinder is then admitted to the 
flask, to bring the pressure up to one atmosphere, and the flask evacuated 
again for 1 min. and then shaken again for 1 min. The process, men¬ 
tioned ill the last sentence, is repeated nine times, and then repeated 
five times with pinified nitrogen instead of commercial nitrogen. A stock 
of 10 litres of purified No was made by storing commercial Ng over alkaline 
sodium hydrosulphite, prepared according to van Siyke. The flask 
is left full of pui-e N 2 at a positive pressure, and inverted so as to seal 
the cork of the flask from leakage. The flask is placed in a —10° C. 
chamber for a few hours.' On thawing the flask laking is complete. 
Blood so treated was found on analysis to contain not more than 1-2 
vols. p.c. COg. 

(ii) The HCN solutimi, 1-lJiHCN in 1-lM K-acetate pH 7*1-74 
was prepared in the same manner as in Section I. 4 c.c. of this are blown 
by pure N 2 into the Biichner flask and mixed there thoroughly with 
the reduced laked blood. The dissolved O 2 carried in by the cyanide is 
negligible. The cyanide blood is then transferred anaerobically to a 
burette, closed at the top with a rubber stopper through which a lead 
passed to the pure N 2 stock, and having at the bottom a three-way tap. 

The hlood is left in the burette with a positive pressure of N 2 on top 
and 4 c.c. samples are drawn off for eac^,/fxperiment as required. 

(iii) The boat technique {vide Fig.^^j. The boat method was used 
again. One drop of octyl alcohol is .placed in the boat, and the latter 
closed with a two-holed rubber stopper, one lead through which is 
temporarily closed, whilst the other is connected to the bottom of the 
blood burette. The side piece of the three-way tap of the burette is 
connected ma a T-piece to the vacuum pump and the pure Ng supply. 
The boat is evacuated and washed out with pure N 2 twice through the 
burette tap: the latter is then turned so that 4 c.c. of blood run into 
the boat and the traces of blood left in the dead spaces are blown into 
the boat by turniug the tap so as to connect to the Ng supply. 

The boat is left with a positive pressure of Ng, its connections 
closed with clips and it is then placed in the shaker in the 

water bath. 

One lead of the boat (its clip remaining closed) is connected to 
the manometer, whilst the other lead of the boat {G^ also still closed) 
connects to a T-piece The compensating bottle of the boat ar¬ 
rangement is connected as usual by one lead to the other side of the 
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manoraeterj widlst tlie second lead from B' connects to anotiier 
T-piece T^. 

Ti and T^ are connected together by a piece of rubber tubing with, 
a clip on it (C3). The last lead of T^ is connected via a rubber tube, 
controlled by clip Cq, to the vacuum and pure Ng supply, whilst the 



last lead of T^ is connected to a piece of broken thermometer tubing, R, 
joined by pressure tubing (with a clip O 4 on it) to a small vessel D. 
D has been previously filled with Og free CO^, the gas being first drawn 
from a commercial CO 2 cylinder into a bottle containing chromous 
chloride, as used by Warburg, Kubowitz and Christian [19S1] for 
removing O 2 from COg atmospheres. Clip 0^ which controls the con¬ 
nection at the top between the two limbs of the manometer, and clip 
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"being open, tlie compensating bottle, manometer, and connections up 
to tbe closed clips Cg, 0^ are now evacuated and washed twice with 
pure Ng* Clips C 2 are now opened, and the pressure of Ng in the whole 
system reduced to about 80 mm. Hg by evacuation. Clip Gq is closed 
and the boat is shaken for 1 min. so as to bring the dissolved gases in 
the blood into equilibrium with the gas phase, after which the boat is 
left to rest for 5 min. to allow the films of blood formed during the 
shaking to drain completely down the sides of the boat. 

Clips O 3 , are now closed and 25 sec. before shaking is to begin 
clip C 4 is opened, so that a slow stream of COg issues through the re¬ 
sistance tuhing R into the boat, thereby depressing the level of the 
gauge liquid on the side of the manometer connected to the boat. The 
pressure of COg put into the boat is adjusted to a suitable value, this 
usually taking about 15 sec., the clip closed and after 10 sec. standing, 
shaking is begun. During the 10 sec. standing the movement of the 
manometer is not more than 2 mm. at 0 *^ C. or 15° C. Readings are 
taken at 5, 10, 15 sec., etc., up to 10 min. or more if necessary and the 
curve of CO 2 uptake plotted against time. The actual volume of COg 
taken up by the blood, i.e, V c.c. is given with sufficient accuracy by 
the formula 

^ = oa; (- F) (i + 57) + 2a!, 

where B = volume of gas phase in boat and connections to manometer; 

j5' = volume of gas phase in compensating bottle; 

Pq = barometer pressure of 760 mm. Hg expressed in cm. mano¬ 
meter liquid; 

p = initial pressure of gas in boat and compensating bottle 
expressed in cm. manometer liquid; 

W = water vapour pressure at temperature of bath expressed in 
cm. manometer liquid; 

a —cross-sectional area of manometer in sq. cm.; 

X = alteration of level of liquid on one side of manometer caused 
by the gas exchange (measured in cm.). 

For further details, especially as to the limitations of the method, the 
paper of Brinkman, Margaria and Roughton [1933] should be con¬ 
sulted. 

It is advisable in reduced blood experiments to make sure, from time 
to time, that no contamination with Og has occurred at any stage. This 
may be done by closing clips Oj, Cg at the end of the shaking, and 
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examining tlie blood in tlie closed boat for traces of oxjhsemoglobin hj tlie 
spectroscope. Such tests were invariably negative in our experiments. 

(iv) Experiments with oxygenated blood. In this case cylinder 0^ is 
used instead of No for freeing the blood of CO 2 , and also at every other 
stage of the process. The evacuation and washing of the various con¬ 
nections, etc., need not be so scrupulous in the case of 0^ experiments 
as in Ng experiments. 

(v) In the case of normal blood 4 c.c. of water instead of cyanide are 
run into the blood. 

The whole procedure sounds rather complex, but with practice an 
experiment with reduced blood can be done in about 35 min., and one 
with oxygenated blood in a few minutes less. 

Experiments with normal blood. 

Three experiments were done with defibrinated, laked ox blood at 
0 ° C., and one with a solution of horse haemoglobin prepared by washing 
the corpuscles three times with saline and lysing them with an equal 
volume of alumina cream, which on centrifuging removed the stroma 
proteins. The results, in all four cases, were of the type labelled normal 
blood in Fig. 5. There was again no evidence of two separate phases, 
one rapid and the other slow; CO 2 uptake proceeded smoothly to 
completion in 120-180 sec. 

Mode of action of cyanide. 

The effect of various amounts of added cyanide is shown graphically 
in Fig. 4. It will be seen that the curve of COg uptake is slowed down, 
but remains smooth up to a concentration of 0*05df cyanide; with 0*111 
cyanide, and 0*2 M cyanide the curve is obviously divisible into two 
phases. The obvious inference is that in the presence of 0*111 cyanide, 
the carbonic anhydrase in the blood is completely poisoned, and the 
first rapid phase is due to the sum of the OOg taken up in physical solu¬ 
tion and that taken up in some other chemical form than HgCOg or 
HCO 3 "". The CO 2 taken up during the slow phase, however, represents the 
bicarbonate COg. 

That the poisoning of the carbonic anhydrase is complete is shown 
by the fact that the 0*214 cyanide curve is identical with the 0*111 
cyanide curve, except that there is a slightly greater rapid uptake in 
the latter case. This may, however, be explained by the lower solubility 
of CO 2 in 0*211 CN blood than in 0*111 CN blood. 
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Pig. 4. Effect of yarious concentrations of cyanide upon rate of uptake 
of CO 2 by blood at 15° C. 



Pig. 5. Method of estimating amount of COg taken up in some chemical, but 
non-bicarbonate form, during COg uptake by blood. 
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That the cyanide has no important action on the Hood other than 
the poisoning of the carbonic anhydrase is shown by the following 
observations and considerations: 

(i) The total uptake of COg by the cyanide blood is practically the 
same as the total uptake of COg by normal blood {vide Fig. 4). The same 
is also true of the output of CO 2 from cyanide blood and normal Hood 
in Section I. Such minor effects as are present may be attributed to 
difference in ionic strength or pH. 

(ii) Fig. 5 shows the rate of uptake of CO 2 by 0*2 M phosphate buffer 
pH 7*6, with and without 0*1 M cyanide, compared with the rate of 
uptake of COg by oxygenated blood treated with 0*1 If cyanide. It will 
be noted that the cyanide has no effect upon the rate of uptake of COg 
by phosphate and that once the rapid phase is over in the case of the 
blood, the slow phase is practically identical in rate and course with 
the slow phase in the case of phosphate. This is strong evidence that 
the slow phase in the case of the blood is due to the same cause as in 
the case of the phosphate, namely the reaction CO 2 + H 2 O -> H 2 CO 3 , 
followed by HgCOg H-^ + HCOg-, with no effective catalyst present for 
the first of these two reactions. 

(iii) As far as is known, cyanide does not act chemically upon oxy¬ 
hemoglobin or reduced hemoglobin, though it forms a well-known 
compound with methemoglobin. The matter has recently been investi¬ 
gated in detail by Barnard [1933]. 

Further evidence for this was given by a measurement of the velocity 
of dissociation of oxyhemoglobin at pH 10 , in presence and in absence 
of 0 -lM cyanide, by means of the Hartridge-Roughton [1923] rapid 
reaction method. The presence of the cyanide was found to have no 
influence. 

This also makes it unliiely that the enzymes present in blood have 
any direct effect upon the reaction between oxygen and hsemoglobm, 
since the rate of dissociation, which is very sensitive to various influences, 
is not changed by poisoning of the enzymes of the blood. 

One last point arises in connection with the cyanide. The pre¬ 
liminary shaking of the cyanide blood in the boat serves to get the blood 
and the gas phase of the boat into equilibrium as regards HON. When 
the CO 2 is later taken up by the blood, part of the buffering of it must 
be done by the cyanide-HCN buffer system. This will give rise to some 
new HON in the blood, and part of this will escape into the gas phase 
and be recorded as a pressure change by the manometer. It can, how¬ 
ever, be shown by calculation that only a very slight error will ensue 
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Tlie relative buffer power of tbe blood and tie cyanide system in most 
of our experiments was suci tiat about half tie fresi bydrogen ions 
would have been buffered by tie cyanide system. At worst tien, every 
mol of COg taken up could only have given rise to ialf a mol of HCISl 
in solution in tie blood. According to tie recent data given inLandolt- 
Bornsteiffs tables tie partition coefficient of HCN between gas piase 
and water is at low pressures of HGIST at least 1 to 224 at 18° C. In 
blood it would be expected to be slightly less. 

In most of our experiments tie volume of tie gas phase/volume of 
tie iquid piase was 17*5. 

Therefore for every mol of CO 2 taken up by tie blood not more than 
mols HCil, Le. 0*039 mols, could have escaped into tie gas piase. 
Thus tie error could not at most have exceeded 3*9 p.c. at 18° G., and 
at 0° C., owing to the increased solubility of HGN, tie error must have 
been considerably less. It wiU be sufficiently [Le. to within 2 p.c.) 
accurate therefore if tie apparent value of GOg taken up chemically hj 
cyanide blood at room temperature and below be increased by 2 p.c. 
At higher temperatures, however, a larger and more carefully worked 
out correction would have to be appied. 


Calculation of amount of mpidly formed GOg compound in cyanide blood. 

Four staple initial pressures of CO3 were used in our experiments, 
viz. of 20 cm. HgO, 40 cm. HgO, 75 cm. H 2 O and 110 cm. HgO. Blank 
experiments were first done with these various pressures at 0° G. and 
15° G. on 0*2 Jf phosphate buffer pH 7*6 containing 0*117 cyanide. These 
were used in allowing for the amoimt of GOg taken up in physical solution 
during the rapid phase, assuming that the solubility of GO 2 in the 
phosphate buffer is the same as in blood. This assumption is almost 
certainly right to within 10 p.c., and since the total GOg taken up in 
the rapid phase was usually three to four times greater than that taken 
up in physical solution, the error from this source should not exceed 
3 p.c. The mode of calculation may be illustrated by" an example on 
reduced blood at 0° G.: 


For the reduced blood, initial pressure of GO 2 at i=0 was 
Extrapolation of the slow phase of the curve back to ^=0 meets the 

pressure axis at (as in Fig. 5).. 

Therefore total CO 2 taken up rapidly at pressure of CO 2 is equivalent to 

For the phosphate buffer initial pressure of CO 2 at t = 0 was . 

Extrapolation of slow phase back to meets pressure axis at 
Therefore CO 2 taken up in physical solution at pressure of CO 2 = 104*5 cm. 

is ®qvivalent to .. ..“ .. 


110*2 cm. HgO 

94-2 cm. H 2 O 
16 cm. HgO 
110-9 cm. H 2 O 
104-5 cm. bCo 

6-4 cm. H 2 O 
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So CO 2 taken up in physical solution at pressure of C02 = 94-2 cm. H 2 O 

would he equivalent to. 1. 

Therefore CO 2 taken up in rapid chemical combination by the blood is 

equivalent to 16 -5*8. 1 

With the aid of the calibration factor for the boat this gives an answer 

of 15-7 vols. p.c. GO 2 for pressure of CO 2 . 

Or, allowing for HCN error, 16*0 vols. p.c. CO 2 for pressure of CCh 


5-S cm. H^O 

10*2 cm. H 2 G 

94’2 cm. HgO 
69 mm. Hs. 


The main lines of our argument and procedure may. for clearness, be 
recapitulated as follows {vide Fig. 5): 

A. The CO 2 taken up rapidly by normal blood is the sum of 

(i) that taken up in physical solution; 

(ii) that taken up in some non-bicarbonate form; , 

(iii) that taken up as bicarbonate. 

B. The CO 2 taken up rapidly by cyanide blood is the sum of 

(i) that taken up in physical solution; 

(ii) that taken up in non-bicarbonate form. 

C. The CO 2 taken up rapidly by a phosphate buffer is simply that 

taken up in physical solution. 


Therefore C alone gives the physically dissolved CO 2 ; 
B-C gives the non-bicarbonate CO 2 ; 

A-B gives the bicarbonate CO 2 ; 


and thus, by poisoning the carbonic anhydrase, it is possible to sort out 
from one another two separate reactions of COg, which in normal blood 
are indistinguishable by this technique, since in the normal case both 
reactions proceed rapidly. 


Non-bicarbonate^^ CO 2 dissociation curves of oxygenated 
and reduced blood. 

In this manner the amount of rapidly bound non-bicarbonate COg 
in volumes p.c. was determined at three or four different pressures of 
CO 2 both for oxygenated and for reduced blood at 0° C. and at 15"^ 0. 
The results are given in Table I and are also plotted in Fig. 6. The curve 
relating non-bicarbonate” COg content to pressure of COg may be 
called the ''non-bicarbonate CO 2 dissociation curve,” and is assumed to 
be practically the same for normal blood and for cyanide blood. 

On inspection of Fig. 6 two things immediately stand out: First, 
reduced blood has a greater “affinity” for non-bicarbonate COg than 
oxygenated blood has: at any given pressure of COg there is 3 vols. p.c. 
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Table I. 


Vols, p.c. in non- 

Condition of blood 

Temp. Pcoa 

in mm. Hg 

bicarbonate CO 2 

Reduced 

0° C. 

10*6 

9'S 


0°C. 

220 

11*6 


0 ° a 

50-0 

14*0 


0 ° c. 

69-0 

16*0 

Oxygenated 

0 ° c. 

11-6 

40-0 

o°c. 

20-4 

9-1 


0 ° a 

63-2 

11-9 

Reduced 

15° a 

12*0 

3-4 


15° c. 

23-6 

5-7 


15° C. 

42-5 

7-2 


15° C. 

65*0 

9-5 

Oxygenated 

15° C. 

12*3 

1-2 

15° C. 

35*4 

4-9 


15° C. 

65-0 

4-9 



Pressure of CO 2 in mm, Hg 


Fig. 6, Non-bicarbonate dissociation curves of oxygenated and 
reduced blood at 0° C. and 15° C. 

or more difference between tlie two curves. Secondly, the ''affinity’’ of 
Mood for non-bicarbonate COg is much reduced by rise of temperature 
from 0° C. to 15^ G. It may also be noted that the largest amount of 
non-bicarbonate formation, viz. 15-16 vols. p.c. COg, is not much different 
from the capacity of blood, and is certainly appreciable in comparison 
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witli the total amount of COg carried by the blood. Further discussion 
of the chemical and physiological significance of the results must be 
reserved until the next two sections. 

Segtiox III. Caeba^iate compouxbs. 

Henriques [1928] has brought forward recently the possibility that 
CO 2 combines directly with the blood proteins to form components of a 
carbamate type: it has also seemed to us very probable that the rapidly 
formed COg compound studied in the last section is a hsenioglobin 
carbamate. In this section we give strong evidence in favour of this 
view, but before doing so it will be well to recapitulate briefly the relevant 
properties of carbamate compounds, in so far as these have been studied 
in simpler cases than the proteins. The chemistry of carbamates has 
been investigated very fully by Siegfried and their physical chemistry 
by Faurholt [1925]. It is largely to these authors that our present 
knowledge is due: 

(i) CO 2 combines very rapidly with ammonia, amines such as amino 
acids, alcohols, etc., to form carbamate compounds. 

In the case of ammonia the equation is 

NH 34 -CO 2 NH 2 COOH (carbamic acid). 

Carbamic acid being a relatively strong acid reacts with further 
ammonia to form ammonium carbamate thus: 

NHgCOOH-f-NHg -> NH4++NH2COO-. 

In the general case of an amine PNH 2 we have 

PNH 2 +CO 2 -> PNHCOOH ^ PNHCOO- + H-. 

Faurholt has shown that it is only free CO 2 (and not H 2 CO 3 , HGOg" 
or COg^) that can react with the amine to form the carbamate. 

(ii) The heat of formation of carbamates is very Mgh, i,e, of the 
order of 20,000 calories or more per mol COg: in agreement with this 
is the fact that they are most readUy formed at 0 "^ 0 ., and are largely 
decomposed by heating to 70° 0 . 

(iii) The calcium and barium salts of the carbamates are quite 
soluble in water. This gives a ready method of separating carbamates 
from carbonates. 

(iv) The effect of upon the equilibrium between CO 2 and several 
amines, Le, ammonia, glycine, methylamine, etc., has been carefully 
studied by Faurholt [1925]. It will be noted from Ms curves that the 
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percentage of clieinically bound CO 2 in the form of carbamate in¬ 
creases very markedly as tbe jjH goes from 8 to 10, and only declines 
beyond that because the amount of free COo in solution available to 
take part in the equilibrium PhrH2-l-C02::;^ PNHCOOH becomes so 
miniite. 

In regard to (iv) we have confirmed F a ur ho It’s conclusions by means 
of the boat technique. Five solutions of pH ranging from pH 8 to pH 10, 
containing in one series 0*2 ili" ammonia and in the second series 0*2 if 
glycine, were successively shaken with a standard pressure of CO 2 at 0° C. 

The rate of uptake of CO 2 in the two series is plotted in Fig. 7, A, B. 
There is an initial rapid uptake of COg complete in the first 2 min., 
followed by a long slow uptake. 

Ill these simple instances there is no doubt that the rapid process 
represents carbamate formation, whereas the slow process represents 
carbonate and bicarbonate formation. 

The relation between amount of carbamate (as given by the initial 
rapid uptake) and pH is shovm in Fig. 8, S, where the titration 
curves of ammonia and glycine are also sho'^m. 

The parallelism between the titration curves and the amount of 
carbamate formation is readily explained on the assumption that GOg 
can only react with an uncharged amino group. Thus in the case of 
ammonia COg + NHg does occur, but the reaction COg + NH^-^ does 
not occur, and in the case of glycine, using the modern Zwitterion 
theory that the neutral form is CHgNHg+COO- and not CH 2 NH 2 COOH, 
the reaction CO 2 4- CH 2 hrH 2 COO~ -> does occm*, but the reaction 
C 02 4'CH2HH3+C00~ does not occur. 

Conversely, the relation between carbamate formation and pH in the 
case of the amino acids does indeed give further evidence in favour of 
the Zwitterion theory. Striking illustration of this was found by com¬ 
paring the results for glycine with those found in a further set of experi¬ 
ments, all at pH 8*2 (borate-phosphate buffer), on 0*2 if solutions of four 
other amino acids and peptides. 

These experiments are summarized in Table II: 


Table II. 


Substance 

Alkaline pK 

p.c. in form 
PKEUCOO“ati3H8-2 

p.c. carbamate 
’ formed 

Glycine 

10-30 

1-0 

10 

Glycylgiycine 

8-80 

2o-0 

47 

Glycyiglycylglycine 

8-04 

30-5 

56 

Histidine 

9-7n 

2-8 

24 

Cysteine 

8-70 

31-5 

62 
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Pig. 7 B. 

Pig. 7. ^4. Rate of uptake of CO 2 by 0*2 iif ammonia solutions, pH’s as shown. All the 
curves start from the same point, and the distance between this point and the point, 
where the flat part of the curve extrapolated back to i^=0 meets the pressure axis, 
represents the amount of carbamate in each case. B. Bate of uptake of GOg by 
0*2 glycine at pH’s shown. Intercept on pressure axis, by extrapolating flat part 
of curve back to i=0 gives amount of carbamate as in Fig. 7 A. 
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It is obvious that tbe larger the proportion of the substance in 
the uncharged amino form the greater the amount of carbamate 
formed at given The parallelism between the effect of peptide 
formation on pK and on carbamate formation in the series of glycine 
and glycylglycine is particularly convincing, and would suggest that 
a complex protein, if hmlt up by peptide linkages, may well have greater 
carbamate forming power at a given pH than have its constituent 
amino aci^. 

In the case of proteins on the alkaline side of their isoelectric point, 
it is accepted that the same type of ionization changes occur as in the 
simple amino acids and peptides and that these ionizations account for 
the titration curve and buffer power of the proteins. At physiological 
pH the power of a protein to form carbamate should therefore depend 
on the relative amount in the uncharged ~-NH 2 form (as compared with 
that in the ISTHg^-form), and this will be indicated by the titration curve, 
or buffer power, of the protein in that pH range. The steeper the titra¬ 
tion curve or the greater the buffer power the greater is the number 
of ionizations NH 3 +-> NH 2 -!-H+ functioning, and hence the greater the 
possibility of carbamate formation. It is well known from the work of 
van Slyke ct aZ., that haemoglobin has a steep titration curve and a good 
buffer power in the physiological range: hence it should have a well- 
developed power of carbamate formation in that range especially at 0° C. 
The proteins in plasma only have one-third to one-fourth the buffer 
power of the haemoglobin of the blood. It therefore seems natural to 
conclude that a large part of the rapid COg uptake iu the experiments 
of Section II is due in the main to the formation of carbamino-haemo- 
globin compounds. A recent preliminary experiment with ox serum, 
rendered almost COg free, showed scarcely greater rapid uptake than 
could be explaiued by physical solution. 

This is further supported by a series of experiments on COg 
uptake by cyanide poisoned blood at various pH’s, shown in Mg. 9. 
The blood was treated with 0-1 If KCN -I- varying amounts of acetic 
acid and the pH’s, as calculated approximately from the buffer power 
of blood and from the buffer power of the HCN-GN system which 
acts as a buffer over the range pH 8-10, are appended to the curves. 
The effect of the pH upon the amount of COg taken up rapidly in 
the case of the cyanide blood is thus so very similar to the effect in 
the case of ammonia and glycine that it is hard to doubt that CO 2 
compounds of the same kind are involved in all three cases. Control 
experiments with a series of similar cyanide solutions in water gave 

11 
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no greater rapid uptake of CO 2 than could be accounted for bj physical 
solution. 

In preparing CO 2 free blood for the usual experiments in Section 11^ 
it will be remembered that 40 c.c. of blood was treated with 3 c.c. of 
0*211 acetic acid. If the latter were not added, the ;pH of the CO 2 free 
blood would be nearly 1*0 units more alkahne than the usual of 
blood, containing 40-50 vois. p.c. bound CO^, and would therefore tend, 



Fig. 9, Uptake of COg by 0*1 Jf cyanide blood at various pH’s. The series of curves show 
close parallelism with those for ammonia and glycine {vide Fig. 8, A, B), 


as shown by Fig. 9, to take up more CO 2 as carbamate than it would do 
under more physiological conditions. The acid was added to counteract 
this effect and the amount used was equivalent to roughly two-thirds 
of the average amount of chemically bound COg iu blood, so that 
before shaking with COg began the jpE. of the blood would only be 
about 0*3 more alkaline than normal, and after the rapid uptake 
of CO 2 is finished the pE would probably be quite close to normal, 
if it is assumed that the carbamino compound so formed is a rather 
strong acid. 

Does the rapidly formed COg compound in cyanide blood also con¬ 
firm to the properties of the simpler carbamates in regard to items 
(i), (ii) and (iii) listed at the beginning of this section? We cannot yet 
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answer tMs question fully, but our progress so far lias been quite en¬ 
couraging: 

(i) Tbe rate at wMcb COg combines rapidly witli cyanide-poisoned 
blood seems to be of the same order as in the case of its combination 
to form the simpler carbamates. 

(ii) The heat of formation of the rapid CO 2 compound in cyanide 
blood should be roughly calculable from the “non-bicarbonate” CO 2 
dissociation curves at 0 *^ G. and 15*^ C. shown in Fig. 6 , by applying the 
van’t Hoff isochore. 

If p, p' are the pressures of COg required to produce a given rapid up¬ 
take of CO 2 at the two different absolute temperatures T, T\ then it might 
be expected that 

where Q is the heat of the reaction 

1 mol CO 2 (gas) + GN- blood -> 1 mol CO 2 compound. 

This type of equation holds good for the reaction between oxygen 
haemoglobin in blood. 

The data of Fig. 6 only allow a rough calculation which gives a value 
of Q of the order of 20,000 calories. This is quite close to the value of 
the heat of the reaction, 

viz, 1 mol CO 2 (gas) - 1 - NHg ammonium carbamate, 

viz. 1 mol CO 2 (gas) + sodium glycinate sodium carbamino-glycinate. 

These two values have been measured approximately by direct calori¬ 
metry, and the details will be given elsewhere. 

It is hoped, later, to make a direct determination of the heat of the 
rapid reaction between COg and cyanide blood. 

(iii) Preliminary attempts have been made to separate carbamate 
compounds in blood by means of a modification of Faurholt’s pro¬ 
cedure for simpler amines. This consists in making the solution suddenly 
alkaline with ISTaOH and then mixing with excess of Ba 0 l 2 . The COg, 
H 2 CO 3 , HCOg- would all be turned very quickly into which would 
be precipitated, but not so any preformed carbamate compounds: the 
latter only dissociate very slowly at alkaline pH’s and should therefore 
be separable from the BaCOg precipitate by centrifuging. 

In the case of blood, however, there are a number of difficulties and 
pitfalls. To overcome these, we have devised a special technique, which 
seems so far to have succeeded. The results of our first two experiments 

11—2 
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have been positive, and indicated that in blood equilibrated with 50 mm. 
CO 2 there was a definite amount of CO 2 which was not precipitated at 
alkaline pH’s by BaCla, and was therefore presumably in some form 
other than COg, HgCOg, HCOg" or COg^^. The actual amount agreed rather 
closely with that to be expected from the ''non-bicarbonate” CO 2 
dissociation curves of Fig. 6. It would, however, be undesirable and 
indeed unwise to go further into this matter, until the method shall 
have been much more fully tested. 


Section IV. Relation of these results to other work on the 

STATE OF CO 2 IN BLOOD, TOGETHER WITH SOME PHYSIOLOGICAL CON¬ 
SIDERATIONS. 

The relation of previous worh. 

We shall not discuss any of those pre-1925 papers, which claimed to 
show that CO 2 combined directly with the proteins of the blood, since 
most of that work was gravely handicapped by the fact that the physical 
chemistry of proteins and of buffers, in particular those present in blood, 
had not been sufficiently investigated and understood. We shall just 
summarize and comment briefly on the more up-to-date work, and then 
consider it in relation to our own. 

Three types of method have been used for studying the state 
of COg in blood, namely (a) osmotic, (b) electrochemical, and (c) kinetic 
methods. 

(a) Os)notie methods. 

(i) Margaria [1931] found, by A. V. Hill’s thermoelectric method, 
that the vapour pressure of blood was depressed by adding COg to the 
blood, but not to the extent expected if the only forms present in the 
blood were dissolved COg and bicarbonate. If, however, some of the 
added COg combined directly with the blood proteins, or with any other 
compounds in the blood, such combined COg would not contribute at all 
to depression of the vapour pressure, and hence the observed discrepancy 
would be explained. 

(ii) Stadie and O’Brien [1931] carried out similar experiments on 
the depression of the freezing point of blood. Their results led them to 
claim, in opposition to Margaria, that the added COg was osmotically 
active in the proportion expected from the number of mols added, and 
hence that no appreciable direct compounds could have been formed. 
Henriques [1931] has made two criticisms of these results, of which (a) 
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on p, 253 of Ms paper seems to us invalid, but tbe second one (p), namely 
tbat inconsistent assumptions were made as to tlie activity corrections, 
seems to us well founded. 

(iii) Henriques [1933] bas compared the total osmotic pressure of 
the interior of the red blood corpuscles with that of the serum, on the 
assumption that the total osmotic pressure is in each case proportional 
to the sum of the concentrations of all the solutes present in the two 
respective phases, the concentrations being measured in mols per litre 
of water, and the bound’’ CO 2 being reckoned as 100 p.c. osmotically 
active. Under certain conditions he finds a greater total osmotic pressure 
in the corpuscles than in the serum, although he contends that there 
cannot, in view of the properties of the corpuscle membrane, be really 
any such difference. The discrepancy in the calculated osmotic pressures 
he attributes to the ''bound” COg, wMch had been counted as fully 
osmotically active, but is really only in part osmotically active owing to 
some of it being in direct combination with proteins. The discrepancy 
in the total osmotic pressures he takes, indeed, as a measure of the 
"directly combined” COg. 

In criticism of tMs ingenious procedure it must be noted that 
Henriques assumes that the osmotic activity coefficients of the various 
ions is the same in the corpuscles as in the serum. For this, as far as we 
know, there is no reahy satisfactory ground. The seriousness of this 
objection is shown by the fact that if the osmotic activity coefficient 
inside the corpuscle was only 5 p.c. less than in the serum, the whole 
of Henriques’ calculated effect would disappear. 

The uncertaiaty of the activity coefficient corrections in strong pro¬ 
tein solution is indeed a bar to any rigorous demonstration of direct COg 
compounds by osmotic methods, though it cannot be denied that strong 
measure of probability can be established by such means (as notably 
inMargaria’s experiments). 

(b) Electrochemical methods. 

Of these the most important are: 

(i) Titration of solutions of sodium hsemoglobinate with HCl and 
with CO 2 by Hastings, Sendroy, Murray and Heidelberger [1924], 
and more recently by Stadie and O’Brien [1931], These authors 
obtained the same titration curve in the case of the two acids, and hence 
argued that there was no direct combination of either acid with haemo¬ 
globin, or else that both combined to exactly the same extent, wMch 
latter was thought to be a most unlikely coincidence. 
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Henriqnes [1931] lias, however, criticized the theoretical basis of 
the calcnlations in these experiments, and has also pointed out that if 
COg combines dhectly with hsemoglobin to form a carbamino acid, this 
would be likely, from Faurholt’s data, to be an acid with a pK near 7, 
and hence would tend to ionize markedly at jpK near 7. Tiiis, as he points 
out, would enable appreciable amounts of such a compound to exist 
without being detected by the COg titration curve. 

(ii) Bonn an equilibrium methods. The partition of bound CO 2 
between the red blood corpuscles and serum or between a bsemoglobin 
solution and its dialysate, the two being separated by a collodion 
membrane [Henriqnes, 1928] fails to agree with tbe partition of chloride, 
according to the Donnan equihbrium, if all the hound CO 2 is in the 
form of HCO 3 -. 

The discrepancy can be explained either by a different effect of 
hemoglobin on tbe activity of tbe HCO 3 ” ion from its effect on the 
actmty of the Cl“ ion, or else by the supposition that some of the bound 
CO 2 is present, not as HCOg-, but in direct combination with the hemo¬ 
globin. 

(iii) The Henderson-Hasselbalch equation, viz. 

TT rr/ , 1 [Bound CO] 

+log4g^, 

for the relation between ^H, bound CO 2 and COg pressure in blood. In 
reduced hemoglobin solutions, Stadie and Hawes [1928] found that 
the value of pK' necessary to fit the equations was appreciably lower 
than in CO hemoglobin solutions at 15° C. This they attributed to a 
much larger effect upon the activity coef&cient of the reduced hemo¬ 
globin than of CO hemoglobin. The discrepancy can be much more 
plausibly explained, however, by supposing that a larger amount of the 
hound” CO 2 was combined directly to the reduced hemoglobin than 
to the CO hemoglobin. 

Margaria [1931, and in unpublished results privately communicated] 
has tested the Henderson-Hasselbalch equation at very low CO 2 
pressures. He has observed discrepancies, which again can be explained 
simply by appealing to direct CO 2 hemoglobin compounds. 

It win be seen that in aU these electrochemical methods there is the 
same difficulty, owing to uncertainty about the effect of strong protein 
solutions upon the activity coefficients. An opponent of the direct com¬ 
bination theory can always persist in maintaining that hsemoglobin has 
a specific effect upon the activity coefficient of the bicarbonate ion, and 
there is no way at present of disproving such a contention directly. 
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(c) Kinetic methods, i.e. tliat of Henriques, wliicli has been described 
and discussed in Section I, and the method used in the present paper. 

Both these methods depend upon a rather abrupt change at a certain 
stage in the rate of COg evolution from, or uptake by, blood. It is very 
hard to see how the division of the rate curve into two different phases 
could possibly be due to any ''activity” explanation, however far¬ 
fetched : we therefore conclude that in this tjrpe of experiment we have 
really unequivocal evidence of direct COg compounds with the blood 
proteins. These compounds, for the reasons given in Section III, are 
almost certainly of a carbamate type. 

It remains to compare the results of Henriques with our own. 
Both have found that a given pressure of COg reduced haemoglobin 
combines directly with more COg than does oxyhaemoglobin: the difference 
is of the same order of magnitude in the two researches, when account 
is taken of the higher p.c. of hemoglobin in Henriques’ solutions. The 
absolute amounts of directly combined COg are nearly the same in the 
range 40-50 mm. COg pressure, but diverge above and below owing to 
the fact that Henriques’ "non-bicarbonate” dissociation curves are 
S-shaped, whereas our own are more nearly hyperbolic. 

If oxygenation of haemoglobin affects the direct combination of COg 
with haemoglobin, then conversely the latter should affect the former, 
i.e. COg should have a specific effect on the Og dissociation curve of 
haemoglobin apart from the change of pH which it produces. The effect 
should be particularly visible at low COg pressures and at low tempera¬ 
tures. We had intended to verify this dicectly, but Margaria [private 
communication] has informed us that he has already done so with 
success. 

In much work on the oxyhaemoglobin dissociation curve, particularly 
when physiological applications have been held in mind, the blood or 
hemoglobin has been equilibrated with gas mixtures containing various 
pressures of oxygen and COg. The possible existence of carbamate 
compounds in such cases complicates the physico-chemical interpreta¬ 
tion of the results, and it would, indeed, from this point of view, be better 
to avoid the presence of OOg altogether. As an instance, the recent paper 
of Green and Root [1933] may be quoted. These authors obtained a 
very interesting set of dissociation curves for the blood of certain fishes 
at various pH’s, calculated from the COg pressure and COg content of 
the blood by the Henderson-Hasselbalch equation. It would be 
satisfactory if their data could be redetermined with COg free blood, the 
pH being measured by the glass electrode. 
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The physiological rdle of carbamate compounds. 

The role of carbamates in COg transport in the blood is probably 
more important in cold-blooded animals than in warm-blooded^ since as 
shown in Section II they are so much more readily formed in appreciable 
amounts at low temperatures. This alternative mode of carriage, since 
it is a rapid one independent of enzymes, may w^eli be of service to 
animals which havm no carbonic anhydrase in their blood. 

In order to assess the role of carbamates in mammalian CO 2 transport 
it would be necessary to have data at S7° G, Extrapolation from our 
''non-bicarbonate’’ curves at 0® C. or 15° C. suggests that at 37° C. and 
with physiological CO 2 pressures of 40-60 mm. Hg, reduced blood would 
probably contain less than 5 vols. p.c., and oxygenated blood less than 
2 vols. p.c. CO 2 in direct COg combination, and the difference between 
the two at, say, 50 mm. CO^ might be about 3 vols. p.c. These are small 
figures in comparison with the average COg content of blood under 
physiological conditions, viz. 50 vols. p.c., and the supporters of the pure 
bicarbonate theory may well be nearly correct on a physico-chemical 
basis as regards 37° C. though not as regards room temperature and 
below. Erom the physiological point of view, it is not only the nature 
of total COg in the blood that is important, but also the cause of the 
difference in the COg carrying power of arterial and venous blood. 
Christiansen, Douglas and Haldane [1914] found that, at 50mm. 
CO 2 , reduced blood contained about 5-5 vols. p.c. more COg than oxy¬ 
genated blood. If an appreciable fraction of this 5-5 vols. p.c. difference 
is due to direct COg proteins compounds, then the latter would obviously 
be physiologically important in COg transport. Hitherto the difference 
in the COg dissociation curve of oxygenated and reduced blood has been 
attributed to oxyhaemoglobin being a stronger acid than reduced haemo¬ 
globin. Our experiments at 0° G. and at 15° C. have, however, shown 
that a large fraction of the difference in the CO 2 dissociation curves of 
oxygenated and reduced blood at 0° C. may well be due to the direct 
^^2 P^^otein compounds, in view of the marked difference between the 
non-bicarbonate curves of oxygenated and reduced blood (Fig. 6). 

In one case the amount of CO^ taken up during the rapid phase by 
cyanide-poisoned reduced blood was 5 vols. p.c. greater than that taken 
up during the rapid phase by cyanide-poisoned oxygenated blood, even 
though the difference in total amounts of GO^ taken up finally by the 
two bloods was probably not more than 7 vols. p.c. We have tried 
similar experiments at 37° C., but these have not yet been quite con- 
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vincing, for unfortunately the uhcatalysed reaction COg+H^O H 2 CO 3 
now goes so fast that it is impossible to separate the rate of CO^ 
uptake into two phases, and this makes the interpretation much more 
difficult. 

The situation, however, is far from hopeless and we hope indeed to 
settle the question shortly. We are anxious to do so, not only on account 
of the CO 2 transport problem, but also on account of the possible effects 
(vide p. 167) of these CO 2 compounds on the oxygen dissociation curve 
of blood in vivOj and of the changes which may occur in the oxygen 
dissociation curve after blood is drawn, if that leads to any redistribution 
of the forms in which CO 2 is held in the blood. The interest and importance 
of this matter need no explanation or justification. 

Summary. 

1 . Henriques has claimed that when hsemoglobin solutions, con- 
taining CO 2 , are shaken violently in vacuo, the COg comes off in two 
distinct phases, one very rapid and the other slow and prolonged. This 
result could only be confirmed for whole blood if the carbonic anhydrase 
is prevented from acting by poisoning the blood with 0*1 M HON: 
otherwise the whole of the COg comes rapidly. It is suggested that 
Henriques’ hsemoglobin solutions contained no effective carbonic 
anhydrase. 

2. For quantitative work the rate of uptake of CO^ by CO 2 free 
blood is more suitable for study than are COg output experiments of the 
Henriques’ tjrpe. 

3. Normal COg free blood takes up its whole quota of COg rapidly, 
when shaken with a gas phase containing COg. Cyanide-poisoned blood, 
however, takes up COg in two phases. Of these the rapid one is due 
in part to physical solution but in the main to some non-bicarbonate 
chemical compound, whereas the second slow phase is due to the forma¬ 
tion of bicarbonate following on the reaction COg-f-HgO HgCOg, 
which in the present instance proceeds at about its normal rate in 
absence of catalyst, 

4 . Controls suggest that 0 -lMHCN added to the blood has no 
effect of importance in the present connection other than the poisoning 
of carbonic anhydrase. 

6 . ''Non-bicarbonate” dissociation curves are given for the amount 
of "non-bicarbonate” compound found during the rapid phase at various 
COg pressures. 
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6. Eeduced blood forms distinctly more “non-bicarbonate” GOg at 
a given CO 2 pressure than does oxygenated blood. Rise of temperature 
in both cases decreases tbe amount of the compound greatly, tbe beat 
of formation of tbe non-bicarbonate compound being of the order of 
20,000 cals, per mol COg bound. 

7. 00-2 uptake experiments by ammonia, certain amino acids and 
peptides, give results so very similar to those with cyanide blood that 
it may be reasonably assumed that the same type of CO 2 compound 
is concerned in all these cases, viz. a carbamino compound. This is con¬ 
firmed especially by a comparison of the effect of y>H, and in a preliminary 
way by the magnitude of the heat of the respective reactions, and the 
solubility of the barium salts. 

8. The place of carbamino compounds in the physical chemistry of 
CO 2 transport by blood is discussed in the light of previous work: so also is 
the question of their importance from a more physiological point of 
view, especially in regard to the differing COg carrying powers of oxy¬ 
genated and reduced blood. 
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THE OCCURRENCE OF CARBONIC ANHYDRASE 
IN LOWER MARINE ANIMALS. 

By R. BRINKMAN^. 

{From the PhysiologiscJi-Chemisch Laboratorium, Groningen.) 

{Received August 2, 1933.) 

During the work in Cambridge on catalysis of the reaction 

C02 + H,0^H,C03 

Brinkman, Margaria, Meldrum and Roughton (1932) found that 
although the catalyst is nearly always present in solutions of haemo¬ 
globin, the ratio hsemoglobin/catalytic action is not constant for blood 
of various animals. In fish blood or frog blood the catalysis for a given 
amount of haemoglobin is much less than in mammalian blood, and from 
the haemoglobin-containing blood of Planorbis and of the earthworm 
the catalytic action was practically absent. These findings were explained 
by the discovery of Meldrum and Roughton (1932), who showed that 
the catalyst could be completely separated from haemoglobin as an 
individual and very powerful enzyme, called carbonic anhydrase. 

Nevertheless, it remained a striking fact that in the mammalian 
organism the carbonic anhydrase was found only in fluids or tissues 
where haemoglobin was present, i,e. in erythrocytes and in red muscles. 
It might be important to know if this close relation was always main¬ 
tained or whether one could find instances in which the carbonic anhydrase 
was present independently of the occurrence of haemoglobin. In verte¬ 
brates the only organ in which the catalyst can be found in cells free 
from haemoglobin is in the pancreas; data on this investigation will be 
given in a later communication. 

In lower marine animals, however, the haemoglobin and the catalyst 
occur quite independently, and m this paper are communicated some 
observations, made during a stay at the '"Biologische Anstalt'^ at 
Heligoland. 


^ BockefeUer TeUow. 
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Methods. 

The eazyme was detected by means of a simple technique, which 
consisted of estimating the reaction velocity between a 0*006 iV solution 
of CO 2 and a 0*02iV" solution of NaHCOg containing phenol red as an 
indicator. The solutions were separately contained in the stoppered upper 
branches of a Y-shaped tube, the lower branch being filled with mercury. 
Mixture of the solutions was effected by inversion of the tube; the 
reaction took place at a temperature between 0° C. and 1° C., the tube 
being placed all the time in a beaker with crushed ice. The time between 
inversion of the tube and attainment of the final yellow colour of the 
indicator was taken as a measure for the time of reaction, the average 
time being 75 sec. For testing a (neutralized) solution for presence of 
carbonic anhydrase a very small amount (0*01 c.c.) was added to the 
CO 2 solution in the Y-tube. Controls were always taken by adding the 
same amount or more of the same solution which had been warmed for 
2 min. at 80® C.; they should be completely negative, that is the time 
for change of colour should be at least 75 sec. 

The result of this investigation is expressed in the following table: 




Presence of 




carbonic 


Species 

Fluid examined 

anhydrase 

Remarks 

ImuB serratus 

Spermatozoa 



Bhodomonas 

Extract of crushed cells 

_ 


Aurelia aurita and other 

Body fluid, tissue extracts 

_ 

No Hb 

types of jeUy fish 



Alcyonium digitatum 

Tissue extract 

+ + 

99 

Actinise [Methridium 

>> 

+ + 


dianthus) 

Aster ias 

Spermatozoa 

+ 

99 

Sea ■urchin 

Body fluid, tissue extract 

__ 

99 


Eggs 

+ 

99 

Hb coloured 

Aphrodite 

Extract of central nervous tissue - 

33 

Body fluid 

- 

No Hb 

JJ 

Extract of muscles 

— 


Nereis pelagicus 
Amphitrite 

Blood 

99 

+ + + 

Containing Hb 

Arenicola 

99 

-h + + 


Lumbricus terr. 

99 



Neplitys 

Tissue extract 

+ 

No Hb” 

Ophelia 

Blood 


Containing Hb 

Bar’rmtoe 

Tissue extract 

+ + 

No Hb 

Spionidas 

33 

+ 

iN’emertinffl {Limneus) 

33 

+ + 


Buccinmn 

Blood 


Containing Hoy 


Extract from phaiynx muscles 

■f 

Containing Hb 


Extract from foot muscles 


No Hb 


It is clear from this table that there is, in lower marine animals, no 
relation between the occurrence of hsemoglobin and of the carbonic 
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anhydrase. In Ahyonium and in Actiniae for instance tke amount of 
enzyme in tissue extracts is relatively large, aitliougli no hasmoglobiii 
can be detected in these organisms. The isolation of the enzyme from 
Actiniae (sea anemones, sea roses) was effected on the same lines as it 
was done from mammaKan eryi3l]Lrocytes by Meldrum and R ought on. 
The dry, sHghtly yellow powder which resulted after isolation and 
purification could not be distinguished from the same preparation from 
ox blood: 1 g., dissolved in 10 c.c. of 1 p.c. NaCl solution, could be diluted 
1: 10'^, and still give a definite acceleration of the hydration of COg. 
5 min. heating at 60° C. completely destroyed this property. 

In worms we find the simultaneous occurrence of hemoglobin and 
carbonic anhydrase in Arenicola, Nereis and other polychaetes; in 
Lumbricus and Ophelia, however, which contain as large amounts of 
hemoglobin, the carbonic anhydrase is absent. Finally in Eamotoe the 
enzyme is distinctly present, but no hemoglobin can be found. The 
presence of large amounts of carbonic anhydrase in the blood of Spiro- 
graphis has been shown by H. M. Fox [private communication]. It was 
already found formerly that Phascolosoma (containing hemerjd^hrin) has 
a definite amount of the enzyme. 

In the snail Buccinum, the carbonic enzyme is not present in the blood, 
but it can be detected in and prepared from extracts of muscles. Now 
the muscles of the foot are colourless, but some muscles of the pharynx 
are deeply red from hemoglobin; the enzyme contents of both types 
of muscles are quite the same: another proof of the independent occur¬ 
rence of hemoglobin and the carbonic anhydrase. 

In most of the animals and extracts investigated we have also tested 
for the presence of catalase and peroxydase (by the guaiacum-H 202 
method). There is no regularity at aU in the simultaneous presence of 
any of the three enzymes: carbonic anhydrase, catalase and peroxydase. 

SxJMMAB,y, 

The occurrence of carbonic anhydrase in a number of lower marine 
organisms has been investigated. There is no correlation with the dis¬ 
tribution either of haemoglobin, or of catalase or peroxydase. 
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IN THE CESTROUS RABBIT. 
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{Cutting Travelling Fellow of Columbia University). 

{From the 'National Institute for Medical Research, London, N.W. 3.) 

{Received September 5, 1933.) 

Introduction. 

In tlie rabbit ovulation takes place only after copulation, and, in tke 
absence of mating, oestrus may last for montbs. It has usually been 
supposed that a single set of mature follicles persists throughout this 
time. Heape [1905] considered that this was usual, but not invariable, 
and stated that the formation of blood follicles was the normal result of 
regression. The absence of these structures in most normal oestrous 
rabbits has perhaps supported the conclusion, that mature follicles may 
persist for long periods in the oestrous rabbit; but, in the course of work 
involving successive laparotomies on the same animals, we were recently 
led to doubt this view. Specific experiments were then carried out, and, 
as a result, it appears probable that there is a continuous production and 
regression of ripe follicles in the unmated rabbit. 

Since blood follicles are now known to be an abnormal form of folli¬ 
cular regression, the idea that mature follicles are short-lived in the 
cestrous rabbit is not incompatible with the comparative scarcity of the 
haemorrhagic type. 

Technique. 

QEstious rabbits isolated for at least a month previously were chosen 
for the experiment, and care was taken that all animals were in good 
condition, as it is well known that folhcles may degenerate owing to 
dietary deficiencies. 
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In order to trace the life history of the larger follicles, during oestrus, 
it was necessary to elaborate some method of identifying them at different 
times and of recording their number and distribution. The idea of attempt¬ 
ing a vital staining technique was considered and discarded, because 
large normal follicles are not readily permeated by vital dyes [Evans, 
1916]. 

It was, therefore, decided to obtain a pictorial record of the ovaries at 
various intervals during oestrus. Photographic means were first used. 

The rabbit was anesthetized with ether and a sterile laparotomy 
performed. An ovary was then withdrawn, removed from its covering 
membrane, and orientated so that approximately the same surface area 
could be photographed each time. Our usual procedme was to place the 
fimbriae dor sally. After the photograph had been obtained the ovary was 
carefully replaced, and the wound closed with catgut. 

A Zeiss Greenough binocular camera was used, fix:ed so that it could 
be swung directly into position over the ovary, which was never exposed 
for more than 2-3 min. in aU. The lighting, supplied by two 100-watt 
lamps, was also standardized. 

In view of the unexpected results obtained, two control experiments 
were carried out with the photographic technique. The first consisted in 
photographing the same ovary twice in 30 min. from a different angle. 
The result (PI. I, figs. 4 a and b) shows that slight difference in the orienta¬ 
tion of the ovary does not affect the possibility of identifying the follicles 
in a photograph. The second control experiment was on the effect on the 
follicles of exposing the ovary to the air. One ovary was photographed 
through the ovarian bursa, without exposure of the surface to the air, 
while the other was completely exposed. The subsequent behaviour of the 
follicles in the two ovaries was not different. 

While the manipulation of the ovary for photography did not appear 
to be a contributory cause in the results observed, it was nevertheless 
decided in later experiments to reduce the time of exposure by making a 
rapid drawing of the ovary instead of taking a photograph. All large 
follicles were indicated on an outline sketch, special attention being given 
to the size and to the relative position of the foUicles to each other and to 
any old corpora lutea present. This technique proved adequate for the 
identification of follicles and necessitated exposure of the ovary for a 
maximum of not more than 1 min. 

With present methods it is obviously not possible to ascertain 
what slight effect, if any, the administration of an anaesthetic may 
have had. 




OOGENY IN (ESTROUS RABBITS. 


177 


Results. 

Six oestrous rabbits were opened and photographs taken of the left 
and right ovaries of each. PRO 2 and 3 were photographed 27 days later, 
and PRO 5, 22 days later. In aU ovaries the mature foUicles appeared to 
be in different positions as compared with the first examination. It was 
impossible to recognize any follicle as being one of the original set. It was 
obvious that the mature follicles present were new and that the original 
follicles had disappeared completely (see PL I, figs. 1 a and 6). PRO 4 and 
10 were photographed at 14 days after the first examinations. Here 
again the whole appearance of the ovaries had altered, no foUicles being 
identifiable as belonging to the old group (see PL I, figs. 2 a and 6). In view 
of these results, another rabbit (PRO 9) was re-examined after an interval 
of 7 days, and it was found that the position and number of follicles 
present in both ovaries were markedly changed even after this compara¬ 
tively short time (see PL I, figs. 3 a and b). 

This apparent difference in the mature follicles after only 7 days 
caused us to repeat the experiments by the more rapid technique of 
sketching the ovary. Seven ovaries were recorded in this manner at 
intervals between 7 and 27 days after the first laparotomy. The results 
were identical with those obtained by the photographic method (see 
Text-fig. I, 4a and 6, 5a and b, 6a and b). After 14 and 27 days the 
topography of the ovaries had changed completely. After 7 days most 
of the large follicles had disappeared completely and a number of new 
foUicles had developed. It then seemed necessary to examine the ovaries 
after shorter intervals to obtain a stage where the large foUicles remained 
unaltered. Five additional ovaries were therefore examined at intervals 
between 3 and 5 days after the first inspection. The results were as foUows: 


Text-fig. I. 

Figs. Ia~6a. Ovaries at first examination. 

Figs. 16 and 2 b. Ovaries 3 days after first examination. Growth of one or two new follicles, 
otherwise ovaries remain unchanged. 

Fig. 36. Ovary at 5 days after first examination. Several new follicles grown. One foUicle 
completely disappeared and one or two possibly regressing, but general appearance of 
follicles unchanged. 

Fig. 46. Ovary at 7 days after first examination. Several follicles disappeared completely 
and new follicles grown; changing appearance of ovary. 

Fig. 56, Ovary at 14 days after first examination. Follicles have altered completely. 

Fig. 66. Ovary at 27 days after first exam i nation. Similar to 14 days stage, 

O=foliicle. ©= corpus luteum. new follicle. regressing follicle, I>.F.= 

follicle disappeared completely when ovary re-examined. jB.F.=:old blood follicle. 

PH. LXXX. 12 
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At 3 days, tke distribution and number of tke mature follicles were 
unaltered, and except for the presence of one or two small new follicles, 
the ovaries were comparable in all cases witb the initial drawings (see 
Text-fig. I, la and 6, 2a and b). 

At 5 days, tbe general appearance of the mature follicles was still 
comparable, but several small new ones bad appeared. Of those pre¬ 
viously matured, some bad decreased slightly in size, while one had 
disappeared. In addition a foUicle previously observed to be small had 
become mature. The remainder were easily identided as having been 
present in the same position as at the previous examination (see Text- 
fig I, 3a and b). 

Since the follicular cycle is not rhythmic in the rabbit, both old and 
recently mature folhcles are probably present at any one examination. 
If the entire ovary has changed after one week, the survival of mature 
follicles is probably of the order of 7 to 10 days. This is further indicated by 
one experiment in which the ovary was completely changed after 7 days^ 
and 5 days later was again different, the largest follicles now being atretic 
and two or three new follicles having appeared. 

Summary. 

1. Mature follicles do not survive indefinitely in the oestrous rabbit. 

2. There is continuous growth and regression of the foUicles during 
the oestrous period. 

3. The survival of the mature follicle seems to be from 7 to 10 days so 
far as can be ascertained by available methods. 

The miters wish to express their gratitude to Dr A. S. Parke s for his generous help 
with the preparation of the manuscript and for criticisms during the course of the 
experiments, 
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EXPLANATION OF PLATE I. 

Photographs of Ovaries in situ. 

Pigs. la~Za. Ovaries at initial examinations. 

Pig. 1 h. Ovary at 27 days after first examination. 

Pig. 2 h. Ovary at 14 days after first examination. 

Pig. 3 h. Ovary at 7 days after first examination. 

Pig. 4 a. Control ovary at first examination. 

Pig. 46. Same ovary photographed at different angle half-hour after first examination. 
The follicles may be readily identified, although seen in quite a difierent view. 
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SUMPTION AND GLYCOGEN CONTENT OF THE 
MAMMALIAN HEART IN AGLYC^MIA. 

By E. W. H. CRUICKSHANK: and C. W. STARTUP. 

{From the Department of Physiology, Dalhousie University, 
Halifax, N,S., Canada.) 

{Received July 15, 1933.) 

It has been shown that the respiratory quotient of the mammaliari heart 
under hypoglycsemic conditions falls from unity to about 0*75, and this 
has been taken as indicating that, when the blood sugar is markedly 
diminished, cardiac muscle falls back on fat and protein in order to meet 
its energy requirements [Cruickshank and Startup, 1933]. Under the 
experimental conditions referred to, carbohydrate is not available be¬ 
cause of the increase in glycogen synthesis produced by the addition of 
insulin to the circulating blood. Further, it has been shown that with 
hypoglycsemia there is a small increase in oxygen consumption and a 
definite and steady diminution in COg production. 

Further steps in this problem suggested by these results were, to 
investigate the gaseous metabolism of the heart under a condition of 
aglyc 80 mia, to determine the lowest level to which the respiratory 
quotient of the heart muscle would be reduced, and to decide what is the 
chief source of the energy of contraction and whether or not any trans¬ 
formation of sugar or glycogen from protein and fat may take place. 

Methods. 

The respiratory quotient was determined by a method recently 
described [Cruickshank and Startup, 1933]. 

Sugar estimations were made by the Shaffer and Hartmann [1920] 
method in which the original procedure was modified according to details 
kindly supplied to us by Prof. Shaffer and since published by Murphy 
and Young [1932]. In the preparation of the blood-sugar filtrates, the 
blood proteins and the non-fermentable reducing substances were pre¬ 
cipitated by the method of Somogyi [1930]. Lactic acid in blood and 

12—2 
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muscle was estimated by a modification of tbe Flirtli-Cliariiassiiietliod 
described byLebnartz [1928]. The average percentage recovery by this 
method has been OO-l, with a maximal error of i 2*9 p.c. 

Glycogen was estimated by the simplified modification of Pfliiger's 
method described by Sahynn [1931]. This method, whereby glycogen 
is adsorbed on purified charcoal and hydrolysed in one and the same 
centrifuge tube, has given excellent results. Cardiac muscle is taken with 
the least delay possible at the end of the experiment, cut into fairly small 
fragments, placed in liquid air, and 2-3 g. taken for glycogen estimation. 

To make the blood sugar free, the bled dog was given insulin, 5-7 
units per kg., about 1 hour before the experiment was performed. Amytal 
given intraperitoneally was used as the anaesthetic. During the experi¬ 
ment 5 units of insulin were added to the circulating blood every half 
hour. The attempt to render the heart glycogen free was made by adding 
2 c.c. of 1: 50,000 adrenaline every 15 min. In the experiments quoted 
adrenaline was added every 30 min. 

The total blood volume in the isolated heart-lung preparation was 
carefully noted and usually was of the order of 600-800 c.c. 

Eesults. 

The results of these experiments were so remarkably uniform that 
after four experiments with insulin and two with adrenaline aglycsemia 
we proceeded with another aspect of the problem, and after two months 
repeated these aglycsemic experiments in order to see if this str ikin g 
agreement would still obtain. It did so. The protocol published is that 
of the last experiment on. insulin aglycsemia. 

The glycogen content of the mammalian heart 

To determine the approximate correctness of our previous assumption 
that the glycogen content of the experimental heart is not less than 
0*500 g./lOO g. we carried out several experiments in which the heart was 
perfused with blood the original sugar content of which was not less than 
0*100 g./lOO c.c. Insulin was added and the amount of blood sugar dis¬ 
appearing and the oxygen consumption carefully noted. The sugar loss 
in excess of oxygen utilized was regarded as sugar stored by the heart 
muscle; this was subtracted from the glycogen content and the original 
figure thus estimated. 

Table I shows by this method an average figure for the original 
glycogen content of 0*582 g./lOO g. In section G of this table is given the 
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Table I. Effect of insulin on the glycogen content of the heart in 
relation to blood-sugar percentage. 


Wt. of 

Glycogen 

Blood sugar 

Glycogen 

Original 


heart 

found 

original 

added 

glycogen 

Increase 

g* 

g./lOOg. 

g./lOO c.c. 

g* 

g- 

p.c. 

A. Normal blood sugar: 

isolated heart. 




50*0 

0*797 

0*129 

0*111 

0*574 

38*7 

70*0 

0*778 

0*115 

0*118 

0*624 

24*8 

60*0 

0*714 

0*096 

0*098 

0*550 

17*8 


Average=0*582 p.c. 

B. Hypogiycsemia: whole animal. 


138 

0*480 

— 

217 

0*565 

0*045 

95 

0*433 

0*020 

111 

0*549 

0*025 

87 

0*640 

0*036 


Average = 0*533 g. 

C. Hypoglycsemia*. isolated heart. 

Cruickshank and Shrivastava; 5 experiments, average=0*532 g./iOO g. 
I). Aglycsemia: isolated heart. 


59 

0*554 

Nil. 

90 

0*560 

Nil. 

51 

0*652 

Nil. 

75 

0*515 

Nil. 


Average=0*570 g./lOO g. 

E. Effect of adrenaline. 

Hypoglycsemia: whole animal. 

126 0*513 0*052 

158 0*656 0*073 

Average=0*584 g,/100 g. 

E. Aglyoaemia: isolated heart. 

62 0*610 Nil. 

73 0*590 Nil, 

Average=0*600 g./lOO g. 

G. Normal heart; glycogen percentage, whole animal. 

0*636 

0*513 

0*551 

0*650 

Average=0*581 g./lOO g, 

Cruickshank and Shrivastava: 7 experiments, average=0*592 g./lOO g. 


average figure for tlie lieart of tke whole animal, namely, 0’581 g./lOO g., 
which is in agreement, both with the previous result and the average, 
0*592 g./lOO g. These figures while a little higher, probably due to the 
use of Sahyun’s modification, are in remarkable agreement with the 
average figure of 0*560 g./lOO g. given by Visscher and Mulder [1930] 
for the unworked isolated heart. 

Insulin hypoglycsemia (Table IB) would, in the whole animal, appear 
to be produced by the storage of sugar in the liver and skeletal muscles 
rather than in the heart, as indicated by an average glycogen content of 
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0*533 g./lOO g. In the isolated heart in which the blood sugar is allowed 
to fall to a hypogiycsemic level (Table IC) there is no loss of glycogen, the 
average figure being 0*532 g./lOO g. [Cruickshank and Shrivastava, 
1930]. In aglycsemia, of 1-2 hours’ duration, produced by insulin, there 
is again no loss of glycogen from the isolated heart muscle (Table ID); 
in fact there is a slight increase, which may be due to the synthetic action 
of insulin in the presence of small amounts of sugar in the blood at the 
commencement of the experiment. It is evident then from a considera¬ 
tion of such figures, the average of which is 0*565 g./lOO g., that our 
previous assumption of the percentage glycogen content of the heart was 
essentially correct. 

The action of adrenaline in so far as its effect on cardiac glycogen is 
concerned is interesting in that, in hypoglycemia as in a prolonged 
aglycemia, there is no loss of glycogen (Table IE and F). 

The utilization of sugar in aglycmmia. 

In our pre\fious publication [1933] the utilization of sugar by hearts 
perfused with a maintained blood sugar and having a respiratory 
quotient of unity was shown to average 5*28 mg. per g. of heart muscle 
per hour. The figures for sugar utilization in Table II indicate that during 
the first half-hour period when sugar is still present in the blood and the 
respiratory quotient is unity the amount of sugar used averages 2*64 mg., 
that is a utilization at the rate of 5*28 mg. per g. per hour. 

In subsequent periods when the respiratory quotient falls below 0*85 
there is little or no utilization of sugar. The steady and rapid disappear¬ 
ance of sugar in relation to the fall in the n.Q. is clearly shown by the 
nniformity of the curves in Fig. 1, It is also evident (Table II and Fig. 1) 
that a similar response is occasioned by the addition to the blood of 2 c.c. 
of 1: 50,000 adrenaline solution every half hour. The rate of sugar utiliza¬ 
tion during the first 30 min. when the e.q. is unity is at the average 
rate of 3*60 mg., which is 7*20 mg. per g. of muscle per hour. At this rate 
sugar is wholly removed from the blood by the end of the first hour, by 
which time the e.q. is below 0*85. 

The oxygen consum'ption and respiratory quotient of the heart 
in aglyccemia. 

Table II and Fig. 1 indicate that there is a slight tendency for oxygen 
consumption to increase as the blood sugar disappears. In the first ex¬ 
perimental period with the e.q. of unity the average oxygen consumption 
is 4*14 c.c, per g. of heart muscle per hour. It can be seen from average 
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Table II. The efiect of insulin and adrenaline on the conihustion of 
oxygen, sugar, protein and fat by the heart in aglycasinia. 


Insulin, 


Bate 

Period 
30 min. 

Oxygen 

o.c./g. 

Sugar 

mg-/g- 

Protein 
, “g-/g- 

Fat 

mg-/g- 

Calories 
per g. 

B.Q. 

7. ii. 33 

Heart=75*5 g. 

1 

1*94 

2*57 

— 

— 

0*0105 

MI 

2 

2*05 

1*65 

0*77 

0*40 

0-0136 

0*92 


3 

2*07 

— 

— 

1*00 

0*0094 

0*68 


4 

2*05 

— 

— 

0*95 

0*0088 

0*65 


5 

2*05 

— 

.— 

0*90 

0*0083 

0*62 

14. ii. 33 

Heart = 51 g. 

1 

2*15 

2*72 

— 

_ 

1*0112 

1*01 

2 

2*15 

2*72 

— 

— 

0*0112 

1-00 


3 

2*30 

1*37 

0*79 

0*28 

0-0115 

0*88 


4 

2*35 

— 

1*91 

0*26 

0*0103 

0*78 


5 

2*44 

— 

— 

1*19 

0-0111 

0*69 

8. u. 33 

Heart = 90*5 g. 

1 

1*98 

2*33 

_ 

— 

0*0096 

1*00 

2 

1*98 

2*33 

— 

— 

0*0096 

1-00 


3 

2*06 

— 

0*79 

0-64 

0*0092 

0*74 


4 

1*93 

— 

— 

0*92 

0*0086 

0*70 

6. iii. 33 

Heart=84 g. 

1 

2*15 

2*89 

— 

— 

0*0117 

0*99 

2 

1*99 

2*42 

0*01 

— 

0*0105 

0*94 


3 

2*10 

— 

0*04 

0*85 

0*0096 

0*72 


4 

2*01 

— 

— 

0*98 

0*0091 

0*69 

11. V. 33 

Heart=59 g. 

1 

2*18 

2*94 

_ 

— 

0*0118 

1*22 

2 

2*35 

— 

0*87 

0*75 

0*0101 

0*74 


3 

2*27 

— 

0*41 

0*92 

0*0102 

0*72 


4 

2*38 

— 

— 

1*15 

0*0107 

0*68 


5 

2*35 

— 

— 

1*15 

0*0107 

0*69 


6 

2*27 

— 

— 

M2 

0*0104 

0-70 


7 

2*13 

— 

— 

1*05 

0-0098 

0-69 


24. i. 33 
Heart = 62 g. 

1 

3-05 

Adbenaline. 

3*90 — 


0-0167 

1*07 

2 

3*34 

1*42 

1-33 

0-48 

0*0157 

0*84 


3 

3*60 

— 

3-34 

0*21 

0*0156 

0*79 


4 

4-14 

— 

0*37 

1-79 

0*0168 

0*71 

16. xii. 32 
Heart=84 g. 

1 

2*48 

3-30 



0*0135 

1-00 

2 

2*66 

3-32 

— 

— 

0*0136 

0*95 


3 

3-15 

— 

2-51 

0*37 

0*0137 

0-78 


4 

3-62 

— 

0-93 

1*14 

0*0141 

0*73 


Average O 2 utilization prepared from Fig. 1. 


Insnlm; in hypoglycsemia, b.q. 1*00, 
in hypoglycsemia, b.q. 0*85, 
in aglycsemia, b.q. 0*80, 
in aglycsemia, b.q. 0*70, 


4*14 c.c./g./hour. 
4*30 c.c./g./hour. 
4*36 c.c./g./hour. 
4*32 c.c./g./hour. 
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figures calculated from Fig. 1, that as the e.q. falls from unity to 0-70 the 
oxygen consumption increases from 4'14 c.c./g./hour to 4-30 c.c. for an 
e.q.=0-85; 4-36 c.c. for an e.q.=0-80; and finally to 4-32 c.c. for an 
e.q.=0-70, a comparatively small change which shows how steady is the 
oxygen consumption of the heart in the presence of such a marked change 



Fig. I. Curves showing relation between b.q.’s and the ntilization of sugar and oxygen. 

The time between each point=30 min. 

in the type of foodstuff used for the supply of energy. The slight increase 
in the amount of oxygen consumed is undoubtedly due to the presence of 
insulin, as hypoglyc 0 eniia,_per se, produces a slight fall in oxygen utilization. 

It is also evident that neither insulin hypoglycsemia nor insulin 
aglyc^mia produces any depression in respiratory metabolism. The 
addition of adrenaline occasions a marked increase in the utilization of 
oxygen which is accounted for first by the rapid removal of the blood 
sugar and secondly by the increased energy needs of the heart. 




HEART METABOLISM IN AGLYCMMIA. 


185 


The utilization of protein by the heart in aglycmmia. 

In tMs connection brief reference must be made to tbe recent revolu¬ 
tionary work in tbe cbemistry of tbe contraction of skeletal muscle. 
Lundsgaard [1930-1] bas shown that tbe iodoacetic acid poisoned 
muscle can contract perfectly well without lactic acid formation and 
with an almost complete breakdown of pbospbagen. That pbospbagen is 
broken down into creatine and inorganic phosphate in muscle activity 
and may thus supply for a time all the necessary energy for contraction 
has been demonstrated both by Lundsgaard [1930] and Lipmann and 
Meyerhof [1930]. Evans [1912] and others many years ago suggested 
that the isolated heart was able to oxidize the same materials as those 
used by the body as a whole, but evidence as to the possibility that pro¬ 
tein could be burned by the isolated heart is lacking. It would appear as 
seen from the results in Tables I and II that when cardiac muscle shows 
an R.Q. of 0‘80 in the absence of blood sugar and with no evidence of the 
utilization of glycogen, protein must of necessity be utilized. The later 
work of Canzanelli and Eapport [1932], who used the excess e.q. of 
exercise as a criterion of the non-nitrogenous metabolism, would indicate 
that protein, as weU as carbohydrate and fat, can be used as fuel in 
muscular exercise. 

A survey of the possible quantities of protein utilized as shown in 
Table II would tend to the conclusion that there is no great call upon 
protein, but rather that it forms a very brief transition stage in the 
change-over from carbohydrate to fat. It may be argued that, since an 
E.Q. of 0*75 obtains when some 15 p.c. of the total oxygen may be con¬ 
sumed by sugar and 85 p.c. by fat, it is possible that traces of sugar may 
be present which the methods used do not accurately measure. But in 
these experiments 0*01 g./lOO c.c. of sugar means that there is about 
50-70 mg, of sugar available in the circulating blood, and all our experi¬ 
ments show that during the combustion of so small an amount of sugar 
the E.Q. is never below 0*85. A consideration of the periods shown in 
Table III indicates that when such a remnant of blood sugar has been 
finally removed, and if only carbohydrate and fat were utilizing oxygen, 
then for the b.q. shown, the amount of sugar burned or the amount of 
oxygen that has been used for the combustion of the remaining sugar is 
in no way sufficient to meet the percentages for the distribution of the 
oxygen burned at the e.q. obtaining [Zuntz and Schumburg, 1901]. 

For example, in the first period quoted, 70 mg. of sugar are finally 
burned; this demands 52*50 c.c. of oxygen. The e.q. for the period is 0*88, 
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and at siicli an e.q. if only carboiiydrate and fat are oxidized tbe amount 
of tlie oxygen consumed by sugar T^ould be 59 p.c. of tie total, that is, 
in this period it would be 66*91 c.c. When the blood is absolutely sugar 
free at the end of such a period and the r.q. is still as high as 0*88 the fact 
that protein may here be utilized cannot be ignored. Further, when 
52*50 c.c. have been removed from the total amounts of CO 2 and Og, the 


Table III. Periods stowing evidence of combined oxidation of sngar, 
protein and fat. 




Insulin. 









O 2 equivalent 


CO 2 

O 2 


Sugar used 

sugar used 


c.c. 

c.c. 

B.Q. 

mg. 

c.c. 

Exp. 14. ii. 33 






Period No. 3. 

104-34 

118-49 

0-88 

70 

52-50 

Subtracting 

52-50 

52-50 

1-00 



we have 

'51-84 

65-99 

0-76 



With K.Q. =0-76 






Protein = 60 p.c. 

= 31-10 

38-77 




Eat = 40 p.c. 

=20-74 

29-62 





51-84 

68-39 


O 2 balance = - 2-40 c.c. 





S. 

P. F. 





50-3 

29-8 19-9 

Period No. 4. 

94-16 

120-21 

0-78 



With b.q.=0*78 






Protein = 80 p.c. 

= 75-33 

94-16 




Fat = 20 p.c. 

= 18-83 

26-90 





94-16 

121-06 


O 2 balance = -0-85 c.c. 





S. 

P. E. 

Period No. 5. 

86-53 

124-84 

0-69 

0 

80 20 

With R.Q. =0*69 






Eat = 100 p.c. 

= 86-53 

123-61 


O 2 balance = 1-23 p.c. 





S. 

P. F. 





0 

0 100 

Exp. 7. ii. 33. 






Period No. 2. 

142-52 

154-88 

0-92 

126 

94-50 

Subtracting 

94-50 

94-50 

1-OQ 



we have 

48-02 

60-38 

0-79 



With b.q. =0*79 




66-3 

32-0 1-7 

Protein = 95 p.c. 

=45-62 

57*02 




Fat = 5 p.c. 

= 2-40 

6*29 





48-02 

63-31 


Oj. balance = -2-93 c.c. 





S. 

P. F. 

Period No. 3. 

106-89 

156-97 

0-68 

0 

0 100 


With b.q.=0*68 

Eat “100 p.c. =106-89 152*70 


O 2 balance=4*27 c.c. 
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Table III (cont.). 


Adrenaline. 


Esp. 24. i. 33. 

CO, 

c.c. 

02 

c.c. 

R.Q. 

0, equivalent 
Sugar used sugar used 

mg. c.c. 

Period No. 2. 

173-06 

207-00 

0-84 

88 66-00 

Subtracting 

66-00 

66-00 

1-00 


we have 

107-06 

141-00 

0-76 


With R.Q. =0-76 





Protein = 60 p.c. 
Fat=40 p.c. 

= 64-23 
= 42-83 

80-29 

61-19 




107-06 

141-48 


0, balance = -0-38 c.c. 

Period No.'S. 

178-15 

223-56 

0-79 

k P. F. 

31-8 43-6 24-6 

With R.Q. =0-79 





Protein = 90 p.c. 
Pat = 10 p.c. 

= 160-33 
= 17-82 

200-41 

25-46 




178-15 

225-87 


O 2 balance = -2-31 c.c. 

Period Wo. 4. 

183-24 

257-60 

0-71 

k p. F. 

0 90 10 

With R.Q. =0*71 





Protein = 10 p.c. 
Fat=90 p.c. 

= 18-32 
= 164-92 

22-90 

235-60 




183-24 

258-50 


0, balance = - 0-90 c.c. 


S. P. P. 

0 0 100 


non-carboliydrate r.q. is in tkis case 0*76, wMch. indicates that the re¬ 
maining oxygen has been utilized by protein and fat for their combustion 
in the ratio of 60 to 40 p.c. Similar results are shown in Table III for the 
experiment dated 7. ii. 33. 

In the following half-hour period the heart deprived of all blood sugar 
utilizes protein and fat in the ratio of 80 to 20 p.c. From a previous con¬ 
sideration of the glycogen content of these aglycsemic hearts under the 
influence of insulin, where it has been shown that little or no change takes 
place in the carbohydrate reserve of the heart, and in view of the fact 
that, coupled with the evidence obtained from the r.q.^s there is a slight 
increase in the total nitrogen of the blood, we are further investigating 
the possibility that cardiac muscle in its transition from the utilization 
of sugar to that of fat may make use of some of the more easily oxidizabie 
amino acids. 
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The possibility of the formation of glycogen from protein. 

Wh-ile it is argued from the results obtained here, where an b,q. in the 
neighbourhood of 0*80 is maintained for at least 30 min., that protein 
may possibly be utilized, it cannot be demonstrated by R.Q.’s alone without 
further enquiry into the nitrogenous metabolism of the heart muscle. 
That the normal animal body can form glycogen from protein has been 
demonstrated by many [Atkinson, Eapport and Lusk, 1922]. The 
nature of the conversion depends upon the type of deamination of the 
amino acids, but the important point here is whether or not the con¬ 
version depends upon the presence of the liver. Mann and Magath 
[1922-3] maintain that the conversion is entirely a function of the hver, 
but results based on experiments on dehepatized animals may be mis- 
leadingj and the possibility that deamination is a function of tissue in 
general is not yet overthrown. It is, however, impossible to arrive at 
any conclusion from the results here noted. All that can be said is that 
the rapid fall of the e.q. to, and its retention at, 0-70 with the absence 
of any change in the glycogen content of the heart would indicate that 
while protein and carbohydrate derived therefrom may be used for fuel 
as suggested for the whole organism byMacleod [1928] such an event 
must be of a transient nature. 

The changes in lactic add in blood and heart muscle. 

The lactic acid content of the heart muscle appears to vary slightly 
with the degree of reduction of blood sugar. The average of five normal 
hearts is 82-67 mg./lOO g. The hearts from six hypoglycsemic bleeders 
gave an average of 40*40 mg./lOO g., while the average for five aglycsemic 
experimental hearts was 41*49 mg./lOO g. The average for the lactic acid 
content of whole blood estimated by West’s method is 37*6 mg./lOO c.c. 
for defibrinated blood; in mild hypoglycsemia it is 33*0 mg./lOO c.c. In 
marked hypoglycsemia, the condition existing at the commencement of 
these experiments, where the blood sugar is not above 0-035 g./lOO c.c., 
it is 17-8 mg./lOO c.c., at the end of the first and second hour of aglycaemia 
the average percentage amoxmts are 16*30 and 10-76 respectively. In 
these experiments the estimation of lactic acid in aglycsemic and markedly 
hypoglycemic blood was carried out by the method of Lehnartz [1928]. 
These figures are sufficient to show that changes in lactic acid during the 
course of an experiment may be regarded as negligible as far as any change 
in oxidative processes may be concerned. 
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The utilization of fat by the heart in aglycmmia. 

Cardiac muscle like skeletal muscle does perform -work by oxidizing 
preformed carbobydrate, but, as carbohydrate disappears from the cir¬ 
culating blood, as in hypoglycsemia fer se or by the injectioii of insulin, 
there is definite evidence that carbohydrate no longer forms the sole fuel 
of activity [Cruickshank and Startup, 1933]. The question then 
arises, what is the final source of energy in the heart supplied with sugar- 
free blood? Is it preformed carbohydrate, protein, or fat? That the pre¬ 
formed carbohydrate supplies of the heart are not utilized has already 
been noted, and the possibilities with regard to protein utilization have 
been discussed. We are left then to discuss the evidence concerning fat 
combustion. 

A considerable difierence of opinion has arisen on the question of 
whether or not mammalian tissue can directly oxidize fat. Lea the s 
[1906] and Winfield [1915] could find no evidence for the consumption 
of fat by normal muscle. Palazzolo [1912] found a great diminution in 
the fat content of stimulated muscles of both the frog and the hedgehog. 
Such experiments do not settle the question of direct oxidation, nor do 
they form evidence that the liver is the sole site for the desaturation of 
fats. The only evidence for direct oxidation of fat by muscle tissue comes 
from Laf on [1906]; it is a piece of evidence which, it would appear, has 
never been confirmed nor contradicted. 

Few observations exist on the r.q. of isolated skeletal muscle. 
Meyerhof and Himwich. [1924] concluded, from experiments on the 
diaphragm of the rat, that the r.q.’s were not dependent on previous 
diet, and, since they averaged 0*95, that sugar was the chief source of 
energy. Takane [1926], using a similar preparation, concluded that fat 
as well as protein and carbohydrate were oxidized by the muscle. We 
have already shown [1933] that the oxidative metabolism of the heart is 
exclusively carbohydrate in the presence of available sugar. This is in 
agreement with the results of the numerous investigations of Meyer¬ 
hof, Hill and their collaborators on isolated muscle, and of Bernstein 
[1929] and Corkill, Dale and Marks [1930] for the eviscerated pre¬ 
paration. Numerous experiments upon the r.q. of resting [Himwich 
and Castle, 1927] and on the contracting muscle [Himwich and Rose, 
1929] would indicate that the e.q. of normal muscle is that of the whole 
body, which would imply the oxidation within the muscle of a consider¬ 
able amount of fat, whether directly or indirectly is an open question. 
That fat is utilized in exercise has been unquestionably demonstrated by 
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Table IT. Tabular protocol of one experiment. 


Date: 11. t. 33. 

Wt. of dog = 11*5 kg. 

Wt. of heart = 59*0 g. 

Heart giyeogen=0*544 g./lOO g. 

0*554 g./lOO g. 


Bar. = 761 mm. Hg. 
Temp. =20*75° C. 
Hactor = 0*912. 


Period 

CO. 

Oa 

30 rain. 

c.c. 

C.C. 

1 

147*61 

130*05 

2 

101*80 

138*43 

3 

96*71 

134*25 

4 

96*71 

140*53 

5 

96*71 

138*43 

6 

94*16 

134*25 

7 

88*08 

125*86 



“ Heart 
rate 
beats 

Alveolar 

blood- 

B.Q. 

per 

min. 

pressure 
mm. Hg. 

1*140 

150 

85 

0*735 

160 

90 

0*720 

162 

90 

0*688 

170 

98 

0*690 

160 

96 

0*701 

164 

94 

0*698 

162 

92 


Blood 
in re¬ 
servoir 


c.c. 

Bemarks 

460 


450 

Insulin 5 units 

10 c.c. blood taken 

440 

Insulin 5 units 

10 c.c. blood taken 

440 


435 

Insulin 5 units 

435 


430 

InsuHn 5 units 


First Period, r.q, = 1*140. 

Blood sugar; begin. =0*026 g./lOO c.c.; end = 0*006 g./lOO c.c. 


Blood sugar used =0*170 g. 02 = 130*05 c.c.=0*174g. sugar. 


CO 2 

Os 


c.c. 

C.C. 


147*61 

130*05 


Second Period, e.q. =0*735. 

Blood sugar: begin. =0*006 g./lOO c.c.; end=nil. 


101*80 

138*43 


From CO 2 : Protein = 35 p.c. = 35*63 

B.Q. = 0*8= 44*54 


Fat =65 p.c. = 66*17 

B.Q. =0*7= 94*53 


101*80 

139-07 

02= “ 6*64 C.C. 

Third Period, b.q. =0*720. 

96*71 

134*25 


From CO 2 : Protein=20 p.c.= 19*34 

E.Q. = 0*8= 24*7 


Fat =80 p.c. = 77*37 

R.Q.= 0*7 = 110*53 



135*23 

0o= - 0*45 c.c. 

Fourth Period, e.q. =0*688. 

96*71 

140*53 


From CO 2 : Fat =100 p.c. = 96*71 

b.q.:==0*7 = 138*15 

Og — 2*38 c.c. 

Fifth Period. b.q. =0*690. 

96*71 

138*43 


From CO 2 : Fat =100 p.c. = 96*71 

B.Q. =0*7 = 138*15 

02 = -f 0*28 c.c. 

Sixth Period. b.q. =0*701. 

94*16 

134*25 


From COg: Fat =100 p.c. = 94*16 

b.q.=0*7 134*90 

02= -0*65 c.c. 

Seve7ith Period, b.q. =0*698. 

88-08 

125*86 


From COg : Fat = 100 p.c. = 88-08 

B.Q.= 0-7 = 125*83 

Og —• -|-0*03 c.c. 
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Zuntz [1911] and by Anderson and Lusk [1917], the latter workers 
obtaining r.q/s in the fasting dog of 0*71“0-73. The generally accepted 
conclusion from the work of Hill, Long and Lupton [1924] is that in 
mild exercise carbohydrate is used, but, that as the exercise is increased 
or becomes prolonged or more violent fat is drawn upon to supply the 
needed sugar, with a resultant fall in the b.q. On the other hand Eap- 
port and Ealli [1928], from the results of similar experiments on dogs, 
concluded that even in mild exercise the animal oxidized practically the 
same percentage of fat and carbohydrate as at rest, and that muscles, 
like other tissues in the body, oxidized carbohydrate or fat, or both, 
depending upon the proportions in which these substances were presented 
to them in available form [Rapport, 1929]. 

It is clear, from the evidence derived from r.q.’s, that normal muscle 
can and does utihze fat. There is no doubt that this fact holds good for 
cardiac muscle. When a heart maintains a rate of 160 beats per min., a 
blood-pressure of 90-100 mm. Hg for 3 hours with not a trace of blood 
sugar, and an e.q, varying between 0*72 and 0*68 with an average over 
five 30-min. periods of 0*699 (Table IV), then there is no question of the 
abihty of the isolated heart muscle to utilize fat. Such results as are 
shown in Tables II, III and IV clearly demonstrate this fact, as well as 
the fact that cardiac muscle in the absence of the liver can, by desatura¬ 
tion, prepare the fat for oxidation. Whether it is an exclusive oxidation 
of fat or a transformation of fat to carbohydrate cannot be determined 
by the r.q.’s alone. A further discussion of this question will form part 
of a subsequent paper on the changes in the r.q. of the diabetic heart. 

Summary. 

The glycogen content of the mammalian heart under a condition of 
strict aglycsemia has been determined, and it has been shown that little 
or no change is effected in the carbohydrate stores in the presence of 
insulin or adrenaline aglycsemia. 

In the production of aglycsemia the heart muscle utilizes available 
blood sugar at the rate of 5*28 mg. per g. of heart muscle per hour. 

The oxygen consumption of the heart in aglycsemia varies from 4*14 
to 4*36 c.c. per g. of muscle per hour, showing that with a fall in the r.q. 
from unity to 0*70 there is but little change from the normal oxygen 
utilization. 

With a rapid disappearance of blood sugar the R.Q. falls within 
30-60 min. to 0*70, the rate of fall depending upon the amount of sugar 
left in the blood at the commencement of the experiment. 
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Tlie B.Q, of cardiac muscle falls from unity when the blood-sugar 
percentage is less than 0*03 g./lOO c.c. There is evidence from the b.q. 
that for a short period during and after the disappearance of blood sugar, 
protein is being utilized, and that such a period is a brief transitional 
stage from the utilization of carbohydrate to that of fat. 

An R.Q. of 0*70 maintained for two or more hours under aglycsemio 
conditions is accepted as evidence that the heart muscle resorts quicHy 
and finally to fat as the source of its energy. 

It has been demonstrated that neither iosulin nor adrenaline will 
efiect a diminution, far less a depletion, of the glycogen content of the 
mammalian heart. 
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Introduction. 

That the pituitary gland plays an important role in carbohydrate 
metabolism has been suspected for a number of years. In 1911 Cushing 
observed, both clinically and experimentally, that pituitary deficiency 
was accompanied by an increased sugar tolerance, and references which 
he quotes indicate that such a relation had been suggested at an even 
earlier date. Very little further progress was made until 1925, when 
Houssay and his collaborators embarked upon detailed investigations, 
which have thrown much light on the problem and have led to some 
striking results. It is not possible here to review the large number of 
papers which have appeared both in the Gompte rendu de la Sodete de 
Biologic, and in the Revista de la Sociedad Argentina de Biologia under 
the name of Houssay and his associates, but the results have been very 
well summarized in several papers which are more easily accessible 
[Houssay, 1931, 1932]. 

In short, Houssay has come to the following conclusions: 

(1) That the pituitary gland is mainly responsible for the new for¬ 
mation of sugar from non-carbohydrate sources—^in particular from 
endogenous protein, and possibly also from fat. 

(2) In phlorrhizin and pancreatic diabetes, where gluconeogenesis is 
thought to proceed at a greatly increased rate, removal of the pituitary 
gland leads to the suppression of this excessive new formation of sugar, 
with consequent reduction of the glycosuria and conservation of body 
protein. So striking is this effect that, in the case of the totally depan- 

^ Cutting Travelling Fellow of Columbia University, 
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creatized dog, practically all tlie symptoms of diabetes disappear after 
removal of tlie pituitary [Ho us say and Biasotti, 1930]. 

(3) Tbe diminution in endogenous protein metaboKsm under tke 
above conditions is indicated by a fall in creatinine elimination, and in 
fat metabolism, by diminished production of acetone bodies. 

(4) Converse changes are brought about by excessive pituitary 
action. Thus repeated injection of a suitable extract of anterior lobe 
produces a condition of hyperglycsemia and acidosis very similar to 
pancreatic diabetes. 

In this connection, Houssay has presented a good deal of evidence 
to show that the anterior lobe is the part of the gland immediately 
concerned in these effects, while Ceiling and his colleagues consider 
the posterior lobe to be responsible. Cushing first thought that the 
posterior lobe was responsible, but later attributed the effects to the 
anterior lobe. 

(5) In harmony with the observations just cited on the suppression 
of pancreatic and phlorrhizin diabetes, removal of the pituitary body leads 
also to a hypersensitiveness to insulin. Thus a small dose of insulin, 
which in the normal animal would entail only a transient hypoglycsemia, 
produces in the absence of the pituitary body a progressive fall in blood 
sugar to a convulsive level with sometimes complete failure to rise again 
to the normal level. This latter characteristic has been particularly noted 
by Ceiling et al, [1927] in dogs. 

The explanation of this exaggerated response to insulin on the basis 
of Ho us say’s hypothesis would offer little difficulty, if we could assume 
that the restoration of the blood sugar to the normal level after insulin 
hypoglycsemia was normally accomplished by an increase in the rate of 
sugar production from protein and fat through the mediation of the 
pituitary gland. Eemoval of this gland, however, is known to produce 
profound degenerative changes in the thyroid and adrenal glands, and 
these glands in turn are known to be intimately connected with the 
maintenance of the normal blood sugar level, through the regulation of 
the discharge from the liver of glycogen already stored there. It therefore 
seemed to us worth while to investigate the relation between the increased 
sensitivity to insulin and the changes in the th 5 rroid and adrenal glands, 
before proceeding to the more fundamental question of new formation of 
carbohydrate. The present paper deals mainly with the part played by 
adrenaline and the adrenal medulla. In future communications it is 
hoped to extend the investigation to the adrenal cortex and to the 
thyroid gland. 
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Tiie evidence concerning tte part played by the pituitary body in 
carbohydrate metabolisni has hitherto been derived chiedy from experi¬ 
ments on dogs and a few on monkeys [Hartman, Firor and Geiling, 
1930]. Although the rabbit is the species for which by far the most 
complete data are available as to response to insulin and adrenaline, no 
experiments have yet been recorded as to the effect on the response of 
removing the pituitary body, A method of carrying out this operation in 
the rabbit being now available, it seemed desirable to investigate how far 
the striking effects produced in the dog are to be observed also in the 
species from which so much of the detailed knowledge of the mechanism 
of carbohydrate control has been derived. 

Methods. 

Eabbits were used in all experiments. Pituitary removal was carried 
out by one of us [White] by a buccal approach described by Smith and 
White [1931] and in greater detail by White [1933], Ail the animals 
were finally killed, and the endocrine glands weighed and examined 
histologically. Pituitary ablation was checked by serial sections of the 
contents of the sella turcica and in the more critical experiments by serial 
sections of the whole pituitary region. In most cases samples of hver and 
muscle were taken for determination of glycogen by the Evans’ et aL 
[1931] modification of Pfliiger’s method. In some cases, also, extracts 
were prepared from one or both adrenal glands and the adrenaline content 
determined colorimetrically. We are greatly indebted to Dr H. Schild 
for kindly undertaking this part of the work. 

Determinations of blood sugar were made by the Hagedorn-Jensen 
method. The course of the blood-sugar curve has been studied following 
subcutaneous injection of insuhn and of adrenaline, and oral administra¬ 
tion of glucose. Unless otherwise stated, the hypophysectomized animals 
were deprived of food for only 12 hours before an experiment, in view of 
the danger of a fatal hypoglycsemia developing during more prolonged 
fasting. We have further investigated the effect of pituitary removal 
upon the deposition of liver glycogen in young rabbits treated with 
insulin, following an observation originally made by Goldblatt [1929] 
and later extended by one of us [Corkili, 1930]. Unfortunately young 
rabbits survive hypophysectomy very poorly. In addition to their 
general lack of resistance, they have only a thin diaphragma sellm and 
an imperfectly formed bony capsule, which in the adult almost com¬ 
pletely separates the pituitary body from the brain. For these reasons 

13—2 
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varying amounts of cerebrospinal fluid generally escape when complete 
ablation is attempted in very small rabbits. We have found that the 
loss of any considerable quantity of cerebrospinal fluid is always fatal. 
Nevertheless, in a few cases the technique has been successful. The 
number of such experiments is small, but the few results we have 
obtained are quite definite. 

The influence oe hypophysectomy on 

INSULIN ACTION. 

Ho US say’s experiments have shown clearly that hypophysectomized 
dogs develop a greatly increased sensitivity to the hypoglycaemic action 
of insulin. This statement we can fully confirm from our observations 
on rabbits and, further, in agreement with Houssay, we have found 
that hypophysectomized animals show a definite tendency to develop 
spontaneous hypoglycsemia. This complication has been the greatest 
danger in the present series of experiments. The rabbits quickly recovered 
from operative shock, but it was not an uncommon experience to find 
animals in profound hypoglycaemia despite the fact that food had not 
been withdrawn. In cases where liver glycogen studies were required we 
had to impose a preliminary period of fasting, but found that it was unsafe 
to extend this period beyond 12 hours. Even then, we lost some rabbits 
on which preliminary tests had been carried out. In animals developing 
spontaneous hypoglycsemia, from which we managed to obtain samples 
just at the pre-moribund stage, we invariably found a greatly depleted 
liver glycogen content. 

As a starting point we decided to investigate the effect of hypo¬ 
physectomy on the responses elicited by insulin, adrenaline and glucose 
administration. For this purpose we tabulated the responses to these 
substances in a series of twelve normal rabbits. At a later stage the 
animals were hypophysectomized and, at an interval varying from 
10 to 14 days, the tests were repeated. In the case of normal animals two 
or three tests were carried out with insulin, adrenaline and glucose 
administration. The results were sufficiently uniform to justify a series 
of similar tests after operation. Although we could carry out repeated 
tests with glucose and adrenaline administration in hypophysectomized 
rabbits, we soon found that this was quite impossible with insulin. These 
operated animals soon developed an extraordinary sensitivity to insulin, 
and, when once hjrpoglycaemic symptoms had developed, it was practically 
impossible to avert a fatal issue. 



PITUITARY AND CARBOHYDRATE METABOLISM. 197 


The following experiments on Eabbit R 3 will iRustrate the behaviour 
of most completely hypopliysectomized rabbits: 

Babbit E 3. Wt. 3 kg. Injection in each case 0-5 unit insulin. 

Before hypophysectomy (24 hr. fast): Initial blood sugar 98 mg. p.e. Blood sugar at 
hourly intervals after insulin—74, 86, 104, 114, 111 mg. p.c. 

After hypophysectomy (12 hr. fast): Initial blood sugar 98 mg. p.c. 1 hr. after ins nlin — 
33 mg. p.e.; severe hypoglycsemic convulsion. 

It win be observed that, before hypophysectomy, 0-5 unit of insulin 
produced a mild hypoglycaemic reaction from which the animal rapidly 
recovered, so that the effect had completely disappeared within 3 hours 
of the insulin injection. After hypophysectomy, on the other hand, a 
severe hypoglycsemia had developed within an hour of the insulin 
injection; the ensuing convulsions, although temporarily relieved by an 
intravenous injection of 1*25 g. glucose, returned within an hour and 
were again relieved by a second injection of glucose. An hour later the 
convulsions recurred with greater severity, and were no longer relieved 
by glucose injection. The animal was therefore killed and samples of 
Rver taken for glycogen estimation. From our earUer experiences with 
animals developing spontaneous hypoglycsemia, we rather expected to 
find a greatly depleted liver glycogen in R 3. To our great surprise the 
value found was 1*6 p.c. It is important to note that a small, usually 
non-convulsant, dose of insulin produced a rapid and severe hypo- 
glycaemia from which it was impossible to restore the animal by glucose 
administration. It is common experience that hypoglycsemia produced 
by much larger doses of insulin in normal rabbits can be readRy relieved 
by glucose or adrenahne administration. 

From the behaviour of R 3 and of other operated rabbits, which 
showed after death Rver glycogen values of 2*8 and even 6 p.c., we can 
state definitely that the increased sensitivity to insuRn is not due to 
depletion of Rver glycogen. We have also observed a striking hyper¬ 
sensitivity to insuRn in young hypophysectomized rabbits (see Table II). 
In this experiment a normal rabbit fasting 24 hours was given 1 unit of 
insulin and became convulsed 2| hours later. A hypophysectomized 
litter mate received 0*2 unit and became convulsed 1|- hours later. 

Owing to the normaRy wide variations found in adult rabbits, we 
cannot state that there is a clearly significant difference between glycogen 
values found in normal and in hypophysectomized animals, except in the 
case of the low glycogen content found in the Rveis of operated rabbits 
which develop spontaneous hypoglycsemia. Although, however, the 
fasting values for Rver glycogen in hypophysectomized rabbits faR 
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witliiri normal limits, tlie liver weiglit is greatly decreased [White, 1933], 
so that there is obviously less total liver glycogen present in the operated 
animals. Nevertheless, from actual calculations, we are certain that the 
total glycogen available, although on the average it is lower, is not 
reduced to anything like the extent found in those animals which 
developed spontaneous hypoglycsemia. When, in addition, glucose is 
given to the animal by mouth shortly before the insulin injection, we 
may be reasonably certain that the Kver contains an adequate amount 
of glycogen. Even under these conditions, however, a small dose of 
insulin may produce a severe hypoglycaemia, as illustrated by the follow¬ 
ing experiment: 

Rabbit R 9. Wt. about 2*5 kg. Injection in each case 0-5 unit insulin. 

Before bypophysectomy (24 hr. fast): Initial blood sugar 120 mg. p.c. Blood sugar at 
hourly intervals after insulin—77, 62, 69, 65, 110 mg. p.c. 

28 days after hypophysectomy (12 hr. fast): Initial blood sugar 80 mg. p.c., 5 g. glucose 
in 20 c.c. water was given by mouth. 1 hour later the blood sugar had risen to 143 mg. p.c. 
and in another hour and a half had fallen to 124 mg. p.c., at which point the insulin was 
injected. One hour later the blood sugar had fallen to 63 mg. p.c., and in another half hour 
to 32 mg. p.c., with incidence of severe convulsions. The animal was killed, and the liver 
glycogen content found to be 2 p.c. Autopsy showed a complete pituitary removal. 

The animal deprived of its pituitary body, even when given glucose, so 
that the liver contained plenty of glycogen, was thus much more 
sensitive to insulin than when tested in the fasting condition before the 
operation. The fact that some animals tended to develop spontaneous 
hypoglycsemic symptoms, while others were apparently not so susceptible 
to this complication though still showing a greatly increased sensitivity 
to insulin, could not be attributed to variations in the completeness 
of pituitary removal, since animals with complete hypophysectomy, 
verified by serial sections of the contents of the sella, were found in 
both groups. 

The effect of vaso-pressin and of adrenaline in relieving 

INSULIN HYPOGLYCEMIA IN HYPOPHYSECTOMIZED RABBITS. 

The failure of glucose to effect more than a temporary restoration of 
hypophysectomized animals from insulin hyperglycaemia led us to 
investigate the action of other substances, such as vaso-pressin and 
adrenaline. Burn [1928] considers that vaso-pressin and not oxytocin 
is effective in combating insulin hypoglycsemia. The results shown below 
do not indicate that vaso-pressin is at all an effective agent in the 
animals under consideration. 
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Rabbit R 2. Wt. about 3 kg. Completely hypophysectomized. Fasting 12 liours. 

10.50: 0*5 unit insulin. 

11.35: Severe convulsion, given 50 units vaso-pressin subcutaneously. The hypo- 
glycsemic symptoms were slightly relieved. 

12.25: Severe convulsions—^with slight recovery. 

12.30: 40 units vaso-pressin subcutaneously—^no relief of symptoms. 

12.50: iJ^iO abatement in severity of convulsions. Animal killed. Liver glycogen 
2*86 p.c. 

Apart from the failure of vaso-pressin to relieve the convulsions, this 
experiment is remarkable for the high glycogen content of the liver, even 
after a protracted insulin hypoglycaemia. 

Our results with adrenaline showed a certain inconclusiveness. Even 
in some normal animals, adrenaline proved definitely inferior to glucose 
as an agent for relieving hjrpoglycsemic symptoms. In some hypo¬ 
physectomized animals it failed to relieve S 5 rmptoms, while in others it 
produced a slow recovery. On the whole, however, it was less effective 
in relieving hypoglycaemia in the operated than in otherwise normal 
animals. It seemed further desirable to test its effectiveness in the 
hypophysectomized rabbit in which we had ensured an adequate supply 
of liver glycogen by pre^dous glucose feeding. The results of such an 
experiment, with a control on a normal rabbit for comparison, are 
shown below: 

Rabbit 15 a. Wt. about 2*5 kg. Normal animal, fasting 24 hours. 

Initial blood sugar 117 mg. p.c. Given 5 g. glucose orally at 9.30. 

11.0: Blood sugar was 152. 

12.30: Blood sugar 118; 10 units insulin subcutaneously. 

1.30: Blood sugar 54; 0*5 mg. adrenaline subcutaneously. 

1.55: Blood sugar 70. 

2.15: Blood sugar 70. 


It wiU be noted in this glucose-fed, normal rabbit that 0*5 mg. adrenaline 
checked within 25 min. the effect produced by 10 units of insulin. These 
normal glucose-fed rabbits were found to require at least 6-10 units of 
insulin to produce a definite hypoglycemia. This is in marked contrast 
to hypophysectomized ones, which, despite glucose feeding, still show a 
severe reaction to 0*5 unit insulin. 

Rabbit R 25. Wt. 2*2 kg. Operated upon 25 days previously. Fasting 12 hours. 

10.30: Blood sugar 88 mg, p.c.; given 5 g. glucose orally. 

11.30: Blood sugar 153. 

1.30: Blood sugar 104; 0-5 unit insulin subcutaneously. 

3 .00: Blood sugar 25; at this point severe convulsions, which continued unrelieved by 
an injection of 0*5 mg. adrenaline. 

The animal was finally restored by an intravenous injection of glucose. 
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In several other similar experiments adrenaline produced a slow but 
definite relief, though, as previously stated, its action was never as 
potent as that observed in most normal animals. 

Histological observations by one of us [White] have demonstrated 
that hypophysectomized rabbits develop a marked atrophy of the adrenal 
cortex. The medulla, however, appears normal in structure and exhibits 
the typical chromophile reaction. Some adrenaline-content determina¬ 
tions on normal and hypophysectomized rabbits were kindly carried out 
for us by Dr Schild. Colorimetric and physiological assays were made. 
These results are shown in Table I. 

Table I. 




Wt. of both. 

Total 

W^t. of 

Liver 


Body wt. 

snprarenals 

adrenaline 

liver 

glycogen 


in kg. 

in mg. 

content in y 

ing. 

p.c. 

Completely Lypophy- 

2*9 

130 

< 80 

42 

1*34 

sectomized rabbits 

3-0 

206 

122 

62 

12 


3-3 

205 

55 

65 

11 


2-2 

200 

< 40 

— 

0*04 


4-2 

220 

no 

— 

— 

Partially bypopby- 

2-4 

440 

240 

— 

— 

sectomized rabbits 

3*8 

278 

160 

— 

10 

Normal rabbits 

31 

405 

85 

— 

— 


2-0 

162 

50 

— 

— 


3-1 

522 

63 

— 

— 


There seems to be a wide variation among normal and hypophysecto¬ 
mized animals, and no consistent distinction between them; the results 
do not give any evidence of adrenaline insufiiciency following hypo- 
physectomy. 

Glucose tolebaxce and adbenaline hypbbglyc^mia in 

HYPOPHYSECTOMIZED BABBITS. 

In a few cases no marked differences were observed before and after 
operation. Most animals, however, showed a definitely increased glucose 
tolerance. From experiments carried out in metabolism cages this was 
shown not to be due to a lowered renal threshold for glucose with 
attendant glycosuria. The oral administration of 5 g. glucose in 20 c.c. 
water is usually followed by a moderate hyperglycemia, and at the end 
of 2|-3 hours the blood sugar is still slightly above the fasting level. In 
most hypophysectomized animals the hyperglycsemia was distinctly 
decreased, and in some instances the blood sugar at the end of 2 J-3 hours 
was defiooitely below the fasting level. Practically the same remarks 
hyperglyceemic response produced by 0-2 mg. adrenaline. 



PITUITARY AND CARBOHYDRATE METAB0LIS3I. 201 


Tims after a preliminary small rise the blood sugar tended to fall below 
the fasting value. Tlie following results, all obtained on tbe same rabbit 
R 3, illustrate these statements: 

Rabbit R 3. Given 5 g. glucose by mouth. * 

Before hj^ophysectomy (24 hr. fasting): Initial blood sugar 93 mg. p.c. Blood sugar 
at half-hourly intervals after glucose—180, 220, 230, 220, 190 mg. p.c. 

After hypophysectomy (12 hr. fasting): Initial blood sugar 97. After glucose—92, 108, 
104, 111, 104 mg. p.c. 

Babbit R 3. 0*2 mg. adrenaline subcutaneously. 

Before hypophysectomy (24 hr. fasting): Initial blood sugar 115 mg. p.c. Blood sugar 
at half-hourly intervals after adrenaline—130, 155, 130, 115, 105 mg. p.c. 

After hypophysectomy (12 hr. fasting): Initial blood sugar 96. After adrenaline—113, 
108, 99, 90, 72 mg. p.c. 

The response of this rabbit to insulin has already been discussed. 

The absence of a normal adrenaline response cannot be attributed to a 
depleted store of liver glycogen, since it is also observed after a pre¬ 
liminary glucose feeding, just as is the abnormal insulin response. 

The effect of insult on liveb glycogen storage in young 

HYPOPHYSECTOMIZBD RABBITS. 

The young rabbit is unique in that it is the only animal which shows 
a regular and definite deposition of liver glycogen after small doses of 
insulin. Investigations of this phenomenon hy one of us [Corkill] led 
to the suggestion that it was not due to an uncomplicated effect of 
insulin, but in all probability involved the action of adrenaline, and 
possibly other hormones, secreted in response to the insulin hypo- 
glycsemia. More recent investigations, shortly to be published, in which 
the effect of ergotoxine has been tested, have raised a doubt as to the 
significance attributed to adrenaline. See also Goldblatt [1933]. 

In view of the possible participation of hormones from the pituitary 
body, it seemed of interest to study this action of insulin in young 
hypophysectomized rabbits. As already mentioned, operation in young 
rabbits is liable to be attended by a high operative mortality, so that it 
was impossible to obtain a large series of animals. Apart from operative 
trauma, our greatest loss was due to severe spontaneous hypoglycsemic 
symptoms, which were apt to appear within 48 hours of the operation. We 
managed, however, to obtain several animals which, 5 days after the opera¬ 
tion, appeared to be fully recovered, and showed no obvious abnormality. 

In Table II the values obtained on two separate litters are combined. 
The general plan of the experiment and chemical estimations followed 
that already described in a previous paper [Corkill, 1930]. 
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Table II. 


1. Normal control 

2. Normal control 

3. Normal, injected with 1 unit insulin, convulsed 

3-|- hr. later 

4. Hypophysectomized control 

5. Hypophysectomized, injected vdth 0*2 unit insulin, 

convulsed 1-^- hr. later 


Glycogen p.c. 


Liver 

Muscle 

0-30 

0-34 

0-48 

0-26 

2-55 

0-24 

0*16 

0-15 

0*45 

0*13 


In tiis single experiment the h 3 ?p)ophysectomized animal showed a 
greatly increased sensitivity to insulin. Even though the dose was 
greatly reduced, so that hypoglycsemic symptoms did not occur until 
90 min. later, this animal did not show any definite deposition of liver 
glycogen, the values obtained being clearly within normal limits. 


Discussion. 

If we accept Ho assay’s main findings, and these appear to be based 
on careful experimental work, we mnst assume that the anterior lobe of 
the pituitary body influences carbohydrate metabolism in a sense directly 
opposed to that of the internal pancreatic secretion; for hj^^erfunction 
of the anterior lobe, or repeated injection of its extract, is followed 
by symptoms characteristic of deficient pancreatic function, namely 
diabetes; while, on the other hand, ablation of the anterior lobe produces 
a condition in many ways suggestive of excessive pancreatic function, 
and we might well expect that, under such conditions, the additional 
effect of quite a small injection of insulin would lead to the development 
of a severe hypoglycaemia. But the characteristic hypersensitiveness to 
insulin of hypophysectomized animals, with which we are here particularly 
concerned, cannot be due merely to an excessive secretion of insulin by 
the pancreas, since this would not explain why, in the absence of the 
pancreas, removal of the pituitary body abolishes the specific symptoms 
of insulin deficiency. 

For a clear appreciation of the problem, it is important to remember 
that the course of the blood sugar after administration of insuhii is 
determined jointly by the effect of the insulin, and by the compensatory 
response of the organism, which tends to restore the lowered blood sugar 
to the initial level Thus there is good reason to believe [Cannon, et al. 
1924] that when the blood sugar has fallen to a certain critical level, 
usually about 75 mg. p.c., a compensatory secretion of adrenaline by the 
suprarenals takes place, which in turn causes a discharge of glycogen 
from the liver and a consequent replenishment of the lowered blood 
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sugar. One of tlie commonest causes of hypersensitivity to insulin is a 
derangement of this compensatory mechanism, and this would seem to 
be effective in the present case, in view of the observed difficulty with 
which the animals recover from the hypoglycemic effects of insulin. 

Obviously if the glycogen reserves in the liver are depleted, the blood 
sugar will fail to rise. In the present case, however, such an explanation 
is inadmissible, for the hypersensitive rabbits with which we worked did 
not show evidence of glycogen depletion until the final stages of spon¬ 
taneous hypoglycsemia. Even when we had ensured a plentiful supply of 
liver glycogen by previous administration of glucose, the hypersensitivity 
to insuhn was still in evidence. 

We must therefore look elsewhere for the breakdown in the com¬ 
pensatory mechanism. It is well known that removal of the pituitary 
body leads to a marked decrease in size of the suprarenal glands, due 
mainly to a degenerative shrinkage of the cortical tissue. It seemed 
possible, however, that the medulla might also be affected, and that the 
cause of the breakdown might lie in the presence in the medulla of 
insufficient adrenaline for the purposes of glycogen mobilization. Our 
comparisons of the adrenaline content of the suprarenals of normal and 
hypophysectomized rabbits do not, however, support this ffiew; nor have 
we any reason to suspect a defective liberation of adrenaline from the 
glands, in response to the hypoglycaemic stimulus. 

Further, whatever its cause, if lack of '^available'’ adrenaline were 
responsible for the impaired recovery of hypophysectomized animals, we 
should expect a rapid recovery to occur when the requisite adrenaline was 
supplied from wdtliout. This, however, was not the case. It appears, 
then, that the failure of the hypophysectomized rabbit to recover from 
insulin hypoglyc£emia is not due to the lack either of liver glycogen or 
of adrenaline to mobilize it, for it is still observed even when both 
glycogen and adrenaline are available in adequate amount. We must 
therefore suppose that the liver glycogen has become abnormally 
resistant to the mobilizing action of adrenaline, and this supposition is 
borne out by the impaired ability, and sometimes complete failure, of 
adrenaline to produce hyperglycsemia in hypophysectomized animals. 

This picture of increased response to insulin and diminished response 
to adrenaline somewhat resembles that observed by Burn and Marks 
[1925] in rabbits deprived of the thyroid gland, and it may well be due 
in part to the degeneration of the thyroid gland, known to take place 
after removal of the pituitary body. The loss of resistance to insulin 
intoxication in the absence of the pituitary gland, however, is far more 
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severe tliaii anjtMng observed in tbyroidectomized animals, and there is 
probably some further endocrine deficiency which aggravates the 
condition of the hypophysectomized animal. In view of the extreme 
atrophic changes in the adrenal cortex, we are tempted to suspect that 
cortical deficiency may play an important part. Although Britton and 
Silvette [1932] have published some suggestive observations, the role 
of the adrenal cortex in carbohydrate metabolism is still obscure. We 
are carrying on concurrently an investigation on adrenalectomized 
animals, which we hope to link up with the work reported here. 

SuM5^L4RY AND CONCLUSIONS. 

1. Rabbits from which the pituitary gland has been removed became 
abnormally sensitive to the hypoglycsemic action of insulin, and may 
even develop a spontaneous hypoglycsemia, especially when deprived of 
food for several hours. 

2. In animals which exhibit spontaneous hypoglycaemia the glycogen 
reserves are foimd to be depleted, and this lack of available carbohydrate 
may be a contributory cause to the fall in blood sugar. 

3. Lack of carbohydrate is not responsible for the increased response 
to insulin, for the latter is observed in animals which have ample reserves 
of liver glycogen. 

4. The increased insulin response is characterized by delay in the 
return of the blood sugar to the normal level. The hypoglyceemic 
symptoms are usually severe and are relieved only with great difficulty. 
Injections of adrenaline or of vaso-pressin, which will usually relieve 
insulin hypoglycaemia in the normal animal, have little or no effect in 
the animal deprived of its pituitary body. 

5. Animals which are abnormally sensitive to insulin usually exhibit 
also a diminished response to adrenaline, and an increased sugar tolerance. 
It is suggested that an abnormal resistance of the glycogen reserves to 
the mobilizing action of adrenaline is a factor in the increased sensitive¬ 
ness to insulin. 

6. The possibility that this stabilization of liver glycogen is conse¬ 
quent upon the thyroid degeneration observed after removal of the 
pituitary body is being investigated. 

7. Young rabbits, which normally deposit liver glycogen as a result 
of insulin injection, fail to do so when deprived of the pituitary 
gland. 

We wish to thank Sir Henry Dale for his stimulating interest in this investigation. 



PITUITARY AND CARBOHYDRATE METABOLISM, 205 


REFERENCES. 

Britton, S. W. and Silvette, H. (1932). Ayner. J. Physiol. 99, 15; 100, 693, 701. 

Burn, J. H. and Marks, H. P. (1925). J. Physiol. 60, 131. 

Burn, J. H. (1928). Quart. J, Pharm. 1, 509. 

Cannon, W. B., Mclver, M, A. and Bliss, S. W. (1924). Amer. J. Physiol. 69, 46. 
Corkill, B. (1930). Biocheyn. J. 24, 779. 

Cusliing, H. (1911). Johns Hopic. Hosp. Bull. 22, 165. 

Evans, C. L., Tsai, C. and Young, F. G. (1931). J. Physiol. 73, 67. 

Gelling, E. M-, Campbell, D. and Isbikawa, Y. (1927), J. Pharmacol., Baltimore, 31, 
247. 

Goidblatt, M. W. (1929). Biochem. J. 23, 83. 

Goldblatt, M. W. (1933). J. Physiol. 79, 286. 

Hartman, C. G., Fir or, W. M. and Geiling, E. M. K. (1930). Amer. J. Physiol. 95, 
662 (Addendum). 

Houssay, A. B. (1932). Kim. Wschr. 1529. 

Houssay, *4. B. and Biasotti, A. (1930). Arch. int. Pharmacodyn. 38, 250. 

Houssay, A. B. and Biasotti, A. (1931). Byidocrinology, 15, 511. 

Smith, P. E. and White, W. E. (1931). J. Amer. med. Ass. 97, 1861. 

White, W. E. (1933). Proc. Roy. Soc. B, 113, 64. 



206 


612.111 .II:6i2.64 

A COMPARISON OF FCETAL AND MATERNAL 
HAEMOGLOBINS IN THE GOAT. 

By earl f. McCarthy. 

{From the Physiological Laboratory, Cambridge,) 

{Received September 19, 1933.) 

Regent investigations liave shown that the oxygen dissociation curves 
of foetal and maternal bloods are not identical. Comparisons on the 
blood of goats have been published by Huggett [1927] and on human 
blood by Haselhorst and Stromberger [1931]. The affinity of haemo¬ 
globin for oxygen depends upon the concentrations of hydrogen ions and 
other electrolytes, and in order to determine whether the differences in 
the dissociation curves are due to differences in the haemoglobins, experi¬ 
ments have been made in this work on purified solutions of maternal and 
foetal haemoglobins, in which the concentrations of hydrogen ions and 
salts have been defined by the dialysis of the protein solutions against 
relatively large volumes of a standard buffer solution. In addition, 
measurements of osmotic pressure and of the membrane potential have 
been made in order to determine whether there is any difference be¬ 
tween the molecular weights or the ionization of maternal and foetal 
haemoglobins^. 

Preparation of material. Samples of the blood of maternal and foetal 
goats were used for the preparation of hsemoglobin. The corpuscles were 
washed three times with salt solution. The stromata were removed by the 
use of purified ether and sodium chloride, as described by Adair [1925], 
The preparations were placed in coUodion membranes and dialysed for 
1 day with distilled water and then for periods from 4 to 10 days with the 
Sdrensen phosphate buffer mixture containing 1/30 mol. of potassium 
dihydxogen phosphate and 1/30 mol. of disodium hydrogen phosphate 
per litre of solution. The ^H value of this mixture is 6-81 at 20° and about 
6*78 at 38° C. For the purposes of this work it seemed desirable to use the 
solution at ^H 6-8 rather than at the physiological 74, or more alkaline 
reactions. In the first place, higher oxygen tensions are used for the 

^ Bilnte solutions of hseirLoglobiii from tlie same series of goats were studied 
simultaneously by Prof. ¥. (x. Hall using spectroscopic metbods. Tbe results were 
similar to those found in this paper and will be published shortly* 
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dissociation curve at 6-8, and the oxygen pressure at half saturation can 
be determined with greater accuracy from the gas analyses. A second 
and more important advantage is that the pH values of different hsemo- 
globin preparations are less variable after dialysis with solutions at 
pH 6*8 than at TA, because the phosphates have a higher buffer value at 
6*8 and are less affected by traces of carbon dioxide. The effects of 
variations in the pH on the oxygen dissociation curve are smaller at 
pH 6*8 than at 7*4, Even if the pH values are identical at 0°, there may 
be variations at 38°, because the effect of temperature on the pH may be 
greater in the solutions with higher concentrations of haemoglobin. The 
temperature correction is less important at pH 6*8 than at 7*4. 

There is one disadvantage in working at pH 6*8; oxyhaemoglobin 
changes into meth^moglobin more rapidly at pH 6*8 than in more 
alkaline solutions. Estimates of the methsemoglobin formation were 
made by the following procedure. The refractive indices of the protein 
solution R' and of the dialysate R" were measured and the protein con¬ 
centration C was calculated by the formula ii' —J?"== 0*001945 C as 
described by Stoddard and Adair [1923]. The theoretical oxygen 
capacity was calculated on the provisional assumption that 1 g. of the 
goat’s hsemoglobin is equivalent to 1*34 c.c. of oxygen, the value accepted 
for the hasmoglobin of the horse. The oxygen capacities were then deter¬ 
mined and the results are recorded in Table L Provisional estimates of 

Table I. 

Oxygen 

Date of pres- 



preg¬ 

nancy, 

weeks 

and 

days 

Date 

dialysis 

started 

Date 

dialysis 

ended 

Date dis¬ 
sociation 
curve 
measured 

sure 
in mm. 
at half 
satura¬ 
tion 

n 

Oxygen 
p.c. of 
Oxygen theo- 
capacity retical 

iSTormal 

— 

March 25 

March 31 

April 7 

47 

2-12 

14-01 

92-3 

Maternal 

12 

April 19 

April 26 

April 26 

43 

2-04 ±0-2* 

12-7 

85-3 

Maternal 

13,2 

April 25 

May 3 

May 27 

(36 

2-2 ±0-2* 

8-59 

90-5 

Foetal 

13,2 

April 24 

Mav 2 

May 2 

131 

1-7 

6-76 

82-8 

Maternal 

15,1 

May 5 

May 10 

May 19 

(39 

2-25 ±0-15* 

13-36 

84-7 

Foetal 

15,1 

May 5 

May 10 

May 15 

131-5 

2-17 

8-98 

85-2 

Maternal 

16 

June 1 

June 8 

July 22 

(42 

2-35 

6-87 

74-7 

Foetal 

16 

June 1 

June 8 

July 13 

124-5 

2-17 

7-18 

— 

Maternal 

18 

May 23 

June 2 

June 13 

]3S 

2-0 

8-50 

86-6 

Foetal 

18 

May 22 

June 2 

June 7 

122-5 

— 

4-60 

72-8 

Maternal 

19,6 

June 1 

June 8 

July 18 

(34 

2-27 

14-1 

71-5 

Foetal 

19,6 

June 1 

June 8 

July 17 

126 

2-5 ±0-3* 

8-15 

73-6 


* Probable error in the determination of 7i. 


the percentage of the total hemoglobin in the active form are recorded 
in Table I, column 9. These figures may require multiplication by a 
constant factor when goats’ hsemoglobin has been subjected to further 
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analysis, but from tlie results of colorimetric determinations of total 
lisemoglobin it appears unlikely tkat the factor mil exceed 1-05. It 
appears therefore that some of the preparations contain over 20 p.c. of 
meth^Eioglobin. 

It is by no means certain that the methgemoglobin formation is 
whoEy due to the pH of the buffer mixture. In a programme of work on 
blood as well as on hemoglobin, the blood must be dealt with first in 
order to minimke the risk of changes in pH and it may be necessary to 
defer work on the hemoglobin. There is little doubt that higher per¬ 
centages of oxyhemoglobin could be obtained if the work could be 
finished in a shorter time. 

Methemoglobin interferes with certain methods for the study of the 
dissociation curve. The experimental results described below indicate 
that there is little difference between the dissociation curves of solutions 
containing varying amounts of metheemoglobm. Since the amounts of 
methsemoglobiii formed in maternal and fcetal hsemoglobins, dialysed 
at the same time are the same, there is no reason to suppose that 
meth^moglobin formation \fitiates the comparison of maternal and 
fcetal hsemoglobins. 

Oxygen dissociation curves. 

For the measurement of the oxygen dissociation curves, the haemo- 
globm solutions were equilibrated at 37° C. in the new Barcroft saturator^ 
with an enclosed double bulb pipette. Duplicate Haldane analyses 
were made on the gas phase, and the percentage oxygenation of the 
solutions was determined hy the van Slyke manometric method. 

The fcetal and maternal haemoglobin solutions were obtained from 
goats in the 12th-20th week of gestation. The total period of pregnancy 
in the goat is 21 weeks. A non-pregnant goat was used as a control. The 
characteristics of the haemoglobin solutions used are shown in Table I. 

The oxygen dissociation curves of a number of preparations are 
shown in Pig. 1, and experimental data for the oxygen dissociation curves 
of additional preparations are recorded in Table II. The curve numbered 1 
is a composite curve of all the maternal haemoglobins. The range of 
variation covered by the points is comparatively small, and it appears 
that the oxygen dissociation curves of all the maternal haemoglobins are 
nearly identical. The pair of curves, numbered 2 and 3, represent the 
festal and maternal haemoglobin obtained at the 16th week of pregnancy. 
The fcetal and maternal hemoglobins obtained at the 18th week of preg¬ 
nancy are represented by curves 4 and 5, and those obtained at the 20th 

^ A description of this apparatus will be published later. 
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Fig. I, Oxygen dissociation curves of hagmoglobin of goats. Ordinates: percentage oxy¬ 
genation. Absciss®: oxygen pressures, mm. of Hg. Circles: foetal. Squares: maternal. 
Interpretation in text. 


Table II. Percentage oxygenation and oxygen pressures in mm, of Hg. 


Normal 

Pressure in mm. 

33*6 

38*7 

44*2 

69-0 

_ 

_ 


Saturation p.c. 

34-0 

39*0 

47-0 

70*8 

— 

.— 

Maternal, 

Pressure in mm. 

29-0 

43*5 

51*0 

90*5 

_ 

_ 

12 tli week 

Saturation p.c. 

26-4 

51*3 

59-0 

87-0 

— 

— 



35-6 

53*0 

62*0 

— 

— 

— 

Foetal, 

Pressure in mm. 

26-4 

13*2 

50-0 

80-7 

_ 

■_ 

ISth week 

Saturation p.c. 

36-6 

19*6 

79*1 

74-4 

_ 

— 


45*8 

21*4 

66-0 

85-9 

— 

— 

Maternal, 

Pressure in mm. 

12*8 

27*9 

33*7 

49-5 

71-0 

_ 

IStb. week 

Saturation p.c. 

10*10 

32*9 

47-2 

64-5 

75-5 

^— 


17*85 

34-5 

49-5 

67-0 

76-5 

— 

Foetal, 

Pressure in mm* 

14*3 

26-3 

29-0 

55-5 


_ _ 

iStii week 

Saturation p.c. 

13-0 

37*4 

42*2 

78-0 

,— 

— 


16-3 

38*0 

44-5 

73*0 

— 

— 

Maternal, 

Pressure in mm* 

19*3 

30*3 

32-8 

65-4 

48-0 

75-2 

IStli week 

Saturation p.c. 

15*9 

34*3 

44*3 

73-5 

60*7 

80-5 


17*5 

35-4 

44-6 

75-0 

— 

— 
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week by curves 6 and 7. The goat from wHcli these curves (6 and 7) were’ 
obtained died of asphyxia during operation. Subsequent investigation 
revealed a condition of pulmonary congestion. - ■ 

It is evident that in all oases the curve for fcetal hsemoglobin is on 
the left of the maternal, so that foetal hgemogiobin has a higher affinity 
for oxygen. In the second place there seems to be a shght difierence in 
the shape of the curves, which can be represented by the calculation 
of % in HilFs equation, lex'll {I + Jcx^), in which y represents 

percentage saturation, x oxygen tension and ^ is a constant. The mean 
value of n for the maternal hsemoglobms is 2*2 with a probable error of 
zb 0*3, and for foetal hemoglobins 2*0 with an error of zb 0*4. It is open 
to question whether the difierence is significant, in view of the wide 
range of error in the determination of n, but it may be of interest, because' 
a similar difierence has been obtained in the bloods^. 

Human fcetal and maternal bloods have been studied by Hasel- 
horst and Stromberger [1931]. They determined the relationship 
between the h of HilFs formula and the hydrogen-ion concentration, 
assuming that is a constant. Although it is not possible to compare th^ 
values of n for the human haemoglobins, the values of k for the human foetal 
haemoglobin are higher, in accordance with observations on goat’s blood. 

The observations recorded in this paper indicate that the differences 
in the bloods are due to differences in maternal and fcetal haemoglobin 
rather than to any possible differences between the electrolytes and other 
substances present in maternal and foetal corpuscles. 

The osmotic pressures of maternal and foetal haemoglohins. 

In view of the difference between the dissociation curves of maternal 
and fcetal hemoglobins, a number of measurements of the osmotic 
pressure of the proteios were made, using the same phosphate buffer 
mixture. Osmometers with coUodion membranes were used as described 
by Adair [1925]. The protein concentrations were determined by the 
refractometric method. The observations are recorded in Mg. 2. The 
continuous curve in Eig. 2 represents the osmotic pressure of the haemo¬ 
globin of the sheep [Adair, 1928]. The circles represent observations on 
the foetal haemoglobin of the goat, and the squares on the maternal 
haemoglobin. It appears that both of these forms have osmotic pressures 
in fairly close agreement with the data for sheep’s haemoglobin, which 
has a molecular weight of 68,000. Most of the points for foetal haemo¬ 
globin lie above the curve, but it is not unlikely that the relatively small 

^ Observations on bIcM>d made in tMs laboratory. 
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differences observed are due to experimental error. Tke results m Mg. 2 
may be subject to a slight error, because the calculations of the protein 
concentration depend upon the assumption that the refraction value of a 
1 p.c, solution is 0-001945, as in the case of the hsemoglobin of the sheep. 

In addition to these measurements of osmotic pressure, a number 
of measurements of the membrane potential have been made, and from 
these the ratio E/C^ has been calculated as described by Adair and 



Fig. 2. Ordinates: osmotic pressure in mm. of mercury at 0° C, Abscissse: concentrations 
in grams of protein per 100 c.c. of solution. The smooth curve is copied from the curve 
for sheep’s haemoglobin given by Adair [1928]. The circles are foetal haemoglobin, 
squares maternal haemoglobin. 


Robinson [1930]. E represents the membrane potential in millivolts and 
the corrected concentration of the protein in grams per 100 c.c. of sol¬ 
vent. In the case of the maternal hsemoglobin the following values of EjC^ 
were obtained: 

0-057, 0-055, 0-058, 0*075, 0-057. 

In the case of foetal haemoglobin the ratios obtained were: 

0-099, 0-077, 0-105, 0-091. 


14—2 
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In all cases tte protein solutions were negatives the protein acting as 
an anion in the buffer mixture at pH 6*9 at 0° C. It appears that the 
fcBtal hemoglobin has more negative charge than the maternal h^mo” 
globin at the same pHj but the potentials observed were so small that the 
difference might possibly be due to experimental error. 

SiJMMABY. 

1. Comparative investigations have been carried out on purified 
solutions of foetal and maternal hsBmoglobin of goats. Oxygen dis¬ 
sociation curves obtained brom these solutions have shown that foetal 
hemoglobin has a greater affinity for oxygen than maternal hemoglobin. 

2. Determ in ations of osmotic pressure revealed no appreciable 
difference between the molecular weights of foetal and maternal hemo¬ 
globins. 

Tliis work forms a part of a study of the conditions of foetal respiration planned by 
Prof, Barer oft, and I wish to thank him for his kind advice and help. I also wish to 
express my gratitude to Mr G. S. Adair for his generous and invaluable assistance in 
supervising the dialj^is of solutions and the osmotic pressure determinations. 


REFERENCES. 

Adair, G. S. (1925). Proc. Roy. Soc. A, 108, 627. 

Adair, G. S. (1928). Ibid. 120, 573. 

Adair, G. S. and Robinson, M. E. (1930). Biochem. J. 24,1864. 
Haselhorst, G. and Stromberger, K. (1931). Z. Geburtsch. Gynak. 100, 48. 
Huggett, A. St G. (1927). J. Physiol. 62, 373. 

Stoddard, J. L. and Adair, G. S, (1923). J. biol. Gh&m. 57, 437, 



213 


612 . 741-4 


THE EFFECT OF MUSCLE LENGTH ON THE ENERGY 
FOR MAINTENANCE OF TENSION. 

By W. 0. FINN and W. B. LATCHFORD. 

{From the Department of Physiology, Rochester, N, Y.) 

{Received September 5, 1933). 

It has been shown by Hill [1925] that the energy liberated by a muscle 
during a short tetanus can be analysed into heat for the development of 
tension and heat for the maintenance of tension. Thus the initial heat 
produced in a 0*3 sec. tetanus is greater than that produced in a 0-1 sec. 
tetanus by an amount which represents the energy needed to maintain 
tension for the last 0*2 sec. Hill [1925] has also shown that the initial 
heat in a twitch, or the energy needed to develop tension, is at a maximum 
at a muscle length corresponding roughly to 90 p.c. of the resting length 
of the muscle, while the tension developed by the muscle is at a maximum 
at the resting length. It is the purpose of this paper to show that the 
energy to maintain tension is affected by changes in the length of the 
muscle in the same manner as the energy to develop tension. 

The behaviour of this maintenance energy” at different muscle 
lengths has a certain theoretical importance which prompted the present 
investigation. It was shown by Fenn [1923] that an extremely small 
shorteniug (3 p.c.) of a muscle in an otherwise isometric contraction may 
lead to a considerable (18 p.c.) increase in heat production, and, further, 
that the internal work in a gastrocnemius muscle due to the inevitable 
shortening of the fibres, even when the muscle as a whole is rigidly 
isometric, causes enough extra heat to account for the dissimilarity in 
the heat production of the sartorius and gastrocnemius muscles in 
isotonic contractions. Even in a sartorius muscle, however, the ''iso¬ 
metric” contractions involve some internal work which no one has yet 
even attempted to evaluate and which may be of great importance, 
particularly when isometric heats at different lengths are compared. The 
internal work certainly would vary with the length of the muscle and 
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miglit account in part, or even i?i toto, for the variations of heat with 
length of muscle. If this were the case, then presumably the energy 
for maintenance of tension would not vary with the length of the 
musclej as does the energy for the development of tension, for it is 
liberated after the internal work is over. 


Method. 

Single sartorius muscles from Rana pipiens were used as material. The 
thermopile was one designed by Bozler [1930] for use with smooth 
muscle and had a single row of hot junctions. The upper, tibial end of the 
muscle was fastened to the isometric lever by a fine drill rod to avoid 
stretching. The isometric lever was of the torsion wire type and was 
equipped with an extra writing point fixed to the frame to record zero 
tension. The increase in length of the muscle was measured from the 
amount by which the lever was raised. The resting extended length of the 
muscle in the frog was measured in most experiments and found to 
correspond fairly well with the length for maximum development of 
tension. The thermopile chamber was kept immersed in a “thermos” jug 
at room temperature. The thermopile was equipped with three electrodes, 
one near each edge of the thermopile and one near the upper end of the 
muscle. The middle and bottom electrodes were used for calibration and 
the top and bottom for stimulation, a.c. house current (60 cycles per 
sec.) cut down by a transformer and potentiometer was used for stimula¬ 
tion, duration being measured by a rotary contact breaker. Calibration 
was carried out mostly by Bozlex’s [1931] condenser method as applied 
by A. V. Hill [1931]. Heat was calculated for that part of the muscle 
lying between the middle and botton electrodes, no correction being made 
for the muscle beyond the electrodes. The length of muscle thus considered 
was 2*5 cm. long. 

The stimulus was adjusted to be just maximal as judged by the ten¬ 
sion developed. Observations began at the shortest length, the heat for 
0-1 and 0*3 sec. tetanus (or 0*2 and 0*4 see.) being measured. Then the 
muscle was stretched in successive steps of 3 mm. each and stimulated 
for 0*1 and 0*3 sec. at each step until the resting tension began to increase 
considerably and the total tension development began to decrease. Finally 
the same series was repeated in the reverse order. If a good return series was 
not obtained the experiment was discarded. The ^"up” and “back” series 
were averaged together. Nine successful experiments were performed 
giving twenty series. 
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Fig. 1. Tension in p.c. of the maximum at different muscle lengths. 
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Kg. 4. Avera^ge points firom Fig, 1-3 plotted together for comparison. 
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Results. 

For purposes of presentation all tte muscle lengths ha Ye been ex- 
pressed in percentage of the resting length, the resting length being taken 
as the length at which the tension development is a maximum. Likewise 
the tension and heat developed are expressed in percentage of the tension 
and heat developed at this resting length. 

The results are plotted in Figs. 1-4. Fig. 1 shows the tension developed 
plotted against the length of the muscle. All the points of all twentj 
series are plotted. The curve is drawn through average points marked by 



Eig. 5. Batio of heat for the maintenance of tension (per cm. per sec.) to the tension 
maintained (or H^/Tlt) at different muscle lengths. 

circles. The curve is similar to one obtained by Hill [1925]. Figs. 2 and 
3 show curves similarly plotted for the heat to develop tension, 

(0*1 or 0*2 sec. tetanus), and for the heat to maintain tension, (heat for 
0*4 sec. minus heat for 0*2 sec,). Both show a maximum at about 90 p.c. 
of the resting length (in exact agreement with HilFs heat curves), the 
scatter of the points being somewhat greater than for the tension. For 
purposes of comparison all three curves are plotted together in Fig. 4. 
The heat curves for maintenance and for development of tension are 
identical within limits of error of the method. This shows that the con¬ 
ditions, whatever they may be, which cause the heat of a twitch (or the 
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lieat to develop tensioa) to vary witli muscle leugtli must obtain equally 
during tlae maintenance of tension. Tbe beat associated witb tbe varying 
internal work at different lengths is therefore presumably not involved 
unless there is some internal work due to alternate contraction and re¬ 
laxation of the ultimate contractile units within the individual muscle 
fibrils during the maintenance of tension in a tetanus^. 

The heat necessary to maintain 1 g. of tension in 1 cm. of muscle for 
1 sec., HJTlt, has been calculated for all these experiments. Inspection 
of Fig. 4 shows that exceeds T (both expressed in percentage) at very 
short and very long muscle lengths indicating that more heat is needed 
at these points for the maintenance of the same tension. Least heat is 
needed or greatest economy” of tension maintenance is attained at 
lengths between 100 and 120 p.c. where tension exceeds heat. Thus the 
ratio HynjTlt for maintenance heat” varies to some extent with the 
length of the muscle just as Hill found for the ratio H^jTl for the twitch. 
H^jTlt has a minimum value at a relative length of 110 p.c., which varies 
in different experiments from 0*75 to 1*9 g. cm. per g. tension per cm. 
length of muscle per second. Hartree and Hill [1921] give figures of 
0*92 at 20° C. and 1*4 at 25° C. for spring English frogs (Table III of their 
paper). Hill found also later [1925], in general agreement with our 
results, that the ratio H/T passes through a minimum at the resting 
length of the muscle. The values of H^jTlt for three different muscles, 
a, &, and c, including eight series of increasing and decreasing lengths, 
are plotted in Fig. 5 to show the minimum mentioned, the slopes of the 
curves and the variations met with. 


Summary. 

The energy necessary to maintain 1 g. of tension in 1 cm. length of 
frog’s sartorius muscle for 1 sec. has been measured at different muscle 
lengths. The energy for the maintenance of tension is found to vary with 
changes in muscle length in exactly the same way as the energy for the 
development of tension. This would indicate that variations in internal 
shortening of the fibres at different lengths do not account for the 
variations in heat observed, since such shortenings are presumably all 
complete when the maintenance heat is being measured. 

^ It may be necessary to consider tins apparently remote possibility seiionsly, for an 
estimate of the amount of internal work at different muscle lengths suggests that it is 
large enough to explain the variation of heat with length. This work, however, is not yet 
complete. 
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THE PHOSPHORUS DISTRIBUTION IN 
RESTING FLY MUSCLE. 

By ERNEST BALDWIN and 
DOROTHY MOYLE NEEDHAM. 

(From the Biochemical Laboratory, Cambridge.) 

{Received September 21, 1933.) 

Introduction. 

Representative members of nearly all tbe invertebrate pbyla have now 
been examined for their phosphagen content [Eggleton and Eggleton, 
1928; Meyerhof, 1928; Needham,Needham, Baldwinand Yudkin, 
1932]. It has been established that creatinephosphoric acid is characteristic 
of the Vertebrata, while argininephosphoric acid is restricted to the In- 
vertebrata. The two compounds have only been found to co-exist in the 
Echinoids and in the Enteropneusts. This is of especial interest, since the 
latter (Hemichordates) form a morphological link between the vertebrate 
and the echinoderm phyla. x4nother protochordate group, the Ascidians 
(Urochordates), have recently been examined by Kreps [1933], who 
finds creatinephosphoric acid and no argininephosphoric acid; they thus 
resemble Amphioxus (Cephalochordates). 

It must be remembered that only in the case of one species (the 
crayfish, Astacus fiiiviatilis) has arginine phosphoric acid actually been 
prepared from invertebrate muscle and analysed [Meyerhof and 
Lohmann, 1928]. In most cases the evidence for its presence consists 
in the demonstration of a phosphorus compound, stable in strong acid 
in presence of molybdate, but hydrolysing in 18 hours at 28° C. in x¥/20 
acid in absence of molybdate. In the cases of Pecten, Holotlmria and 
Sipunculus, Meyerhof has supported this evidence by showing that the 
base of the phosphagen (after hydrolysis) is attacked by arginase with 
production of urea. It is thus evident that much more work is needed 
on invertebrate phosphagen. Baldwin [1933] has brought forward 
evidence suggesting that the cephalopod phosphagen has different pro¬ 
perties from argininephosphoric acid, and Arnold and Luck [1933] 
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licive ijointed oat the possibilitj' that- a hitherto unknown phosphagen is 
contained in tlie polychaete worms. 

C'urioiisly enough, one large and important class of Invertebrata had, 
initil very recent times, remained mitouclied—namely, the Iiisecta. The 
win^f muscles of the fl^dng insects are of special interest, as their rate of 
contraction and relaxation is said to be quite unparalleled in the animal 
kingcloni. According to Marey [1873] in the house-fly the wings make 
330 complete vibrations per second. We therefore took up the study of 
iiis€*€t phosphagen, choosing Ccdliphofci and Lucilid as good representa¬ 
tives of the flying insects in which rapidly acting musculature has reached 
its highest development. Besides this object, we also had the purpose of 
investigating the distribution of the whole acid soluble phosphorus and 
of following the changes in the fractions during fatigue and rigor. This 
had been done in a systematic manner only for the frog and the rat. The 
present paper describes the results on resting muscle; the work on stimu¬ 
lated muscle and on muscle in rigor is in progress. When this work was 
nearl}' finished, a paper by Schiitze [1932] appeared; he had examined 
various insect muscles (Locusta^ Dytiscus, Hydrophihis, Lucanus^ Apis, 
AescJma), and reported the presence of argininephosphoric acid, relying, 
however, only on the evidence from rate of hydrolysis. 

The flies used in our work were raised from larvae which were placed 
in suitable cages in a warm, well-lighted room. Pupation, hatching and 
breeding took place in due course; the adults were fed on sugar, water 
and liver. The insects were collected for the experiments in tall narrow 
beakers; this was easily accomplished by darkening the whole cage, 
applying the beaker to an opening, and illuminating the end of the beaker 
with a bright lamp. W^hen enough insects had entered the beaker, the 
latter was covered by means of a Petri dish and entirely surrounded 
for some minutes in a freezing mixture. This treatment rapidly immo¬ 
bilized the insects, which were then tipped out into a small, cooled beaker 
to await dissection. We have assured ourselves that this treatment need 
not injure the flies; for if a few of the cooled insects were allowed to warm 
up, after not too long a time at the low temperature, rapid and apparently 
complete recovery followed. It was not feasible to dissect out the thoracic 
muscles individually, but as the thorax consists almost entirely of muscle, 
surrounded by a thin chitinous covering, this whole region was taken for 
analysis. 

The amount of skeletal tissue in the thoraces was estimated by 
Buxton's method [1932], The thoraces were dried at 100° C., finely pow¬ 
dered, then heated in a boiling water bath, under a reflux, for 5 hours 
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with 1 p.c. KOH. The contents of the flask were filtered tkrongli a weighed 
Gooch crucible, which, after w^ashing, was dried and re weighed. From 
3*3 g. of fresh tissue (150 flies) 0*119 g. of dry residue was obtained; so 
that 3*6 p.c. of the weight of fresh thorax is to be regarded as consisting 
of skeletal tissue. It was not possible to estimate the weight of the 
thoracic viscera, but it is quite clear from the data given by Lowne 
[1890-2] (see especially Plate XI) that it is very small in comparison with 
the muscle weight, certainly not more than about 5 p.c. of the fresh 
thorax weight. All the results are expressed in mg. per 100 g. of fresh 
thorax. 

When the insects were completely motionless, they were placed, a few 
at a time, on a cooled glass plate, and the head, abdomen, wings and legs 
were dissected ofl from each. The thoraces were extracted at 0° C. by 
grinding thoroughly with ice-cold 5 p.c. trichloroacetic acid (usually about 
5 c.c. per g. of tissue) and quartz sand. The extract was then filtered under 
pressure into a cold centrifuge tube and the clear, sparkling, slightly 
yellow filtrate was used for the experiments described below. 

All the phosphate estimations were done by Fiske and Subbarow’s 
method [1929], using a Klett colorimeter. The separation of the phosphate 
fractions into those with insoluble calcium and barium salts (free phos¬ 
phate and adenylpyiophosphate) and those with soluble calcium and 
barium salts (phosphagen and hexosemonophosphate) was performed 
sometimes by means of Fiske and Subbarow’s CaCl 2 —Ca(0H)2 
reagent, sometimes by means of finely powdered baryta and baryta water 
[Eggl.eton and Eggleton, 1929-30; Cori and Cori, 1931-2a]. 

Phosphagen. 

Evidence for the absence of creatinephosphoric acid from the cold 
extract and for the presence of a substance with a rate of hydrolysis re¬ 
sembling that of argininephosphoric acid was obtained in the following 
way. The preformed inorganic phosphate in a portion of the neutralized ex¬ 
tract was precipitated by the Fiske and Subbarow calcium reagent, the 
precipitate was dissolved in acid, and the phosphate estimated. A second 
portion of the extract was allowed to staTnd 15 mim with the molybdate 
reagent before the aminonaphtholsulphonic acid was added. This treat¬ 
ment should cause complete breakdown of any creatinephosphoric acid 
present, hut no rise in inorganic P was found. A third portion was diluted 
with water or partly neutralized so as to be about N/20 in acidity, and 
then incubated at 28° C. overnight. An increase in inorganic phosphate was 
then found, and this increase may be regarded as the argininephosphoric 

15—2 
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acid P. In amount it varied between 10 and 20 mg. per 100 g. Tbe pre¬ 
formed inorganic phosphate in the same experiments varied between 
17 and 25 mg, per 100 g. 

In other cases the centrifugate after removal of the insoluble calcium 
salts was used. Here inorganic phosphate was not initially present, but 
was set free during the incuhation period. In order that the base com¬ 
bined with phosphate might he further examined, apart from any free 
bases present, such a centrifugate was treated with two volumes of ice- 
cold alcohol; a precipitate consisting of the calcium salt of the phosphagen 
together with the calcium salt of a hexose ester was obtained, w^Mch, after 
standing, was spun off, washed and then dissolved in normal acid. It was 
left at room temperature overnight, so that phosphagen present might 
break down, and then tested: 

(а) By WebePs modification [1930] of the Sakaguchi reaction for 
arginine. This gave a good colour, corresponding roughly to the amount 
of labile phosphorus which had been found in the extract. No free base 
was present before incubation. 

(б) By Walp ole's diacetyl test [1911], which was negative. Controls 
showed that the calculated amount of creatine (from the labile phos¬ 
phorus) gave a good pink colour. The calculated amount of arginine gave 
no colour. 

(c) The Jaf f e reaction was negative. 

We next investigated, by two methods, the effect of arginase (prepared 
according to Edlbacher and Eothler's directions [1925]) on the base 
combined in the phosphagen. 

(a) By the Wehef-Sahaguchi method. The precipitate containing 
the calcium salts of the phosphagen and hexose ester was prepared from 
about 400 flies, as described above. It was dissolved in decinormal acid 
and heated in a boiling water hath for 15 min. to hydrolyse the phos¬ 
phagen. After cooling and neutralizmg, two volumes of alcohol were 
again added; this time the calcium salt of the hexose ester was pre¬ 
cipitated, the base, being now free from phosphate, remaining in solution. 
The calcium precipitate was well washed, and the washings added to the 
centrifugate. 

After removal of the alcohol, the solution was made up to 50 c.c. By 
the Weber-Sakaguchi reaction it was shown to contain 0*025 mg. 
arginine per c.c, A standard arginine solution of the same strength was 
made up. 5 c.c. of each, the standard arginine and the extract, were then 
incubated at 37® C., each hawng received one drop of the diluted arginase 
solution, and a few drops of toluene. The pH was about 9. It is usual to 
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employ a glycine bnfier witb arginase to control tlie pH, but this had to 
be omitted in these experiments, since glycine interferes with the Weber- 
Sakaguchi reagents. After 2 hours, the amount of base present, from 
the intensity of the colour with the Weber-Sakaguchi reagents, had 
been reduced to about one-eighth of that present before incubation; the 
residual coloration was the same in both tubes, and was not reduced by 
further incubation. This residual colour was due to the presence of 
proteins in the arginase solution, as was shown by control experiments. 
After deproteination of the test solutions by means of trichloroacetic 
acid, no coloration was produced. 

(b) By the urease method, in which the production of urea by the 
action of arginase is shown by the action of urease on this urea. 123 flies 
(giving 3 g. of thoraces) were extracted with 24 c.c. trichloroacetic acid. 
The insoluble calcium salts were removed, and to the centrifugate two 
volumes of alcohol were added as usual. The precipitate was dissolved 
in a little HGl, made approximately decinormal, and incubated overnight 
at 37° C. to hydrolyse the phosphagen. The solution was then neutralized 
and made up to 10 c.c., 4*5 c.c. were treated with 2-2 c.c. glycine bufier 
(pH 9*0) and 0*3 c.c. of diluted arginase solution. The whole was incubated 
for 3 hours under a layer of toluene at 37° C. The solution was then boiled 
to destroy the enzyme and brought to pH 7, when a few drops of Fdin’s 
pyrophosphate bufier were added. 12 mg. of urease (finely powdered) 
were added, and incubation for 1 hr. at 37° C. followed. The ammonia 
was distilled ofi by Watchorn and Holmes’ modification [1927] of 
Stanford’s method [1923], and estimated, after Nesslerization, in the 
colorimeter. Blanks were performed on the enzyme solutions, etc., 
without the extract and on the extract alone. A similar experiment 
■was carried out on an arginine solution (0*005 p.c.) in order to see 
what yield of ammonia might be expected with these very small 
quantities of arginine (Table I). 


Table I. 

mg. NHa-N found 


4'5 e.c. extract without enzymes. 0*011 

Arginase, urease, etc., without extract .. 0*009 

Reagents alone -. 0*002 

Total blank. 0*022 

4*5 c.c. extract + enzymes. 0*088 

from arginine of extract. 0*066 

4 c.c. 0*005 p.c, arginine solution without enzymes 0*004 

Arginase, urease, etc., without arginine solution ... 0*009 

Reagents alone ... . 0*002 

Total blank . . .. 0*015 

4 c.c. 0*005 p.c. arginine solution + enzymes ... 0*037 

NHahl from arginine in solution . 0*022 
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From 1 c.c. of the same extract it was found that 0*022 mg, free P was 
present per c.c. This had all arisen by breakdown of argininephosphoric 
acid; so that the presence of 0*124 mg. arginine, and the production of 
0*020 mg. KHg-X per c.c.. were to be expected. 73 p.c. of this amount was 
actually found. 4 c.c, of the standard should meld 0*032 mg. NH^-N; 
69 p.c. of this amount was obtained. Thus both the Weber-Sakaguchi 
method and the arginase-urease method show that the base of the 
phosphagen is attacked by arginase. 

Further emdence for the fact that the base in c|uestion is arginine is 
given by the rate of hydroh^sis of the phosphagen in presence of molybdate 
ions. When muscle extracts were incubated, as usual in W/IO acid, in the 
presence of 0*3 p.c. ammonium molybdate (the concentration used in the 
experiments of Meyerhof [1928]) an unexpected difficulty was en¬ 
countered in the phosphate estimations, which was traced to the presence 
, of small amounts of silicate in the various reagents. The molybdate 
appeared to have the effect of gneatly increasing the rate of liberation of 
phosphate, but it was soon observed that the amounts estimated as set 
free -were impossibly high, being in some cases greater than the total P 
present. The explanation seems to be that silicate unites with molybdic 
acid in decinormal acid solutions to give silicomolybdate; the yellow 
colour consequent on this reaction is used as the basis of an estimation 
method for silicate. The silicomolybdate, we find, can be rapidly reduced 
in more strongly acid solutions by aminonaphtholsulphonic acid to give 
a blue compound, thereby simulating phosphoric acid. The formation of 
silicomolybdate does not take place in more acid solutions and con¬ 
sequently the appearance of spurious phosphate only occurs in the Fiske 
and Subbarow method if it is used on a solution which has previously 
been treated vith molybdate in the presence of W/10 acid. Fiske and 
Subbarow, indeed, showed that the presence of silicate in a phosphate 
solution may retard the production of colour in their method. 

Instead of using some other method of phosphate estimation, we 
decided to follow the effect of molybdate on hydrolysis rate by means 
of the arginine set free, using the Weber-Sakaguchi method (which 
gives no colour' with argininephosphoric acid), in the manner described 
by Baldwin [1933]. 

Fifty thoraces (which weighed 0*98 g.) were extracted with 5 p.c. 
trichloroacetic acid. After filtering, the solution was diluted to 20 c.c., 
and soda was added until thymol blue, used as external indicator, 
showed the jsH to be about 1-6. The solution was divided into parts: 
to 10 c.c,, 1 c.c, 3 p.c, ammonium molybdate was added; to another 6 c.c., 
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0*6 c,c. water was added. The two solutions were stoppered and incubated 
at 28° C. Samples of 0-5 c.c. were removed at intervals, and the free 
arginine was estimated. The method is not so dependable as the Fiske 
and Subbarow phosphate method, but the results, shown in the 
accompanying curves (Fig. 1), enabled us to calculate the following 
velocity constants: 


0*3 p.c. molybdate present Jc=0'oS x 

Control . k — 1'1 x i0“® 

{k values are expressed in natural, not deeadic logarithms) 



Fig. 1. The effect of molybdate ions on the hydrolysis of phosphagen. 
O—O without molybdate; #—% with 3 p.c. ammonium molybdate. 


There is thus a retardation of 14 times in the presence of the molybdate 
ion. Meyerhof and Lohmann [1928] and Meyerhof [1928] find that 
the retardation so produced in crude extracts is of the order of 15, with 
which our result is, in good agreement; our absolute h values also agree 
well with those of the German workers. 

All the evidence available, therefore, points to the presence of arginine'- 
phosphoric acid in fly muscle. This could only be made certain (a) by the 
preparation and analysis of the pure compound, or (b) by the preparation 
of a crystalline derivative of the base suitable for X-ray analysis. So far, 
sufficient quantities have not been obtained for either of these methods. 
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One crvstalline derivative, tlie flavianate, was indeed prepared, but tliis, 
owing to tlie large size of tbe flavianic acid molecule, is not suitable for 
distillsuisbiiig bet’ween arginine and some closely similar compound 
either by graAuiiietric or X-ray analysis. Crystalline compounds of 
arginine in combination with a small molecule, e.g. the nitrate, are far 
more difficult to obtain when only a few mg. of arginine are available. 

To obtain the flaffianate, dOO flies were used. The insoluble barium 
salts were removed, and tlie centrifugate was treated with two volumes 
of alcohol. After standing in ice for 2 hours, the solution was centrifuged. 
The residue was well mixed with A/10 H 2 SO 4 , and the precipitated BaS 04 
was spun off. The centrifugate was incubated at 28° C. overnight. Next day, 
the pH was adjusted again to 9, with baryta, and two volumes of alcohol 
were again added to remove the calcium salt of the hexose ester. The 
centrifugate was evaporated to 7 c.c. and 100 mg. of flavianic acid were 
added. The fiavianate came out on standing, fii’st as red balls. These were 
centrifuged off and recrystallized from boiling H 2 O, when their appearance 
approximated closely to that of arginine flamanate, prepared in a similar 
way from pme arginine. Identification by means of the melting point is 
not possible, as the only datum given by Kossel and Gross [1924] is 
that, by 2o8~260° C., arginine monoflavianate has turned deep brown 
without melting, 

Abenylpyrophosphate. 

When the Fiske and Subbaro w CaCl 2 —Ca(OH )2 reagent was added, 
in the proportions described by these authors, to the neutralized trichloro¬ 
acetic extract of the fly muscle, a copious white precipitate was obtained. 
After standing this precipitate was spun off, and washed as recommended 
by Fiske and Subbarow. This precipitate contains all the preformed 
inorganic phosphate of the muscle; in the case of the frog such a precipitate 
contains besides the inorganic phosphate only adenylpyxophosphate 
[Eggleton and Eggleton, 1929-30]. The pyrophosphate is estimated 
by means of the increase in free phosphate after 7 min. hydrolysis at 
100 ° 0. in N HCl; in the frog the difference between the total phosphate 
and the free phosphate after 7 min. hydrolysis is the adenylic acid 
phosphorus, and amounts to half the pyrophosphate phosphorus. In the 
ease of the rat, examined by Cori and Cori [1931-2 a], the composition 
of the precipitate was found to vary according to the pH at which the 
precipitation took place. The ratio of the readily hydrolysahle (pyro) 
phosphate to the difficultly hydrolysahle was never 2 to 1 if the pH was 
higher than 74, but always less than 2 to 1. They showed this to be due 
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to the adsorption of the calcium salt of hexosemonophosphate on the 
precipitate, the adsorption being greater the higher the pH. Washing 
would not remove the hexosephosphate from the precipitate. It was 
necessary to dissolve it and reprecipitate to obtain it free from this con¬ 
tamination. The method adopted by the Coris was to precipitate with 
barium hydroxide at pH 8*6; this precipitate was dissolved in acid and 
again precipitated at 8*6. This difficulty is not encountered with the frog, 
as the amount of hexosemonophosphate present is negligible—2-3 mg. 
P/100 g. instead of about 10 as in the rat. With the fly muscle, which, 
as we shall see, also contains large amounts of hexose ester, we had 
considerable difficulty. Precipitation with the Fiske and Subbarow 
reagent, which had been used during the phosphagen estimations, had 
to be abandoned as the pH was too high. Even when the method of the 
Coris was followed, the ratio of readily hydrolysable to difficultly 
hydrolysable phosphate was much too low. We found, however, that by 
precipitating with finely ground baryta at pH 7-4-7*8, then dissolving 
and re-precipitating at this pH, a precipitate was obtained in which the 
ratio of readily hydrolysable phosphorus to difficultly hydrolysable 
phosphorus was exactly 2 to 1. The disadvantage of this procedure is 
that the inorganic phosphate is not completely precipitated at this pH, 
so that, to obtain the true preformed inorganic phosphate, a separate 
estimation is necessary. Table II summarizes some typical results. 


Exp. 

pH 

Precipitant 

Table II. 

I (I + tt) 

T 

TT 

a 

Trjcc 

34 

10 

Ca (F. and S, 

31-0 

65-7 

99-14 

34-7 

33-44 

1-03 

36 

10 

reagent) 

Ca (F. and S. 

38-1 

02-8 

84*7 

24-7 

21-9 

M3 

37 

9 

reagent) 

Ba 

21-5 

35-3 

46-8 

13-8 

11-5 

1-20 

39 

9 

Ba 

36-8 

67-8 

90-1 

31-0 

22-3 

1-39 

38 

8 

Ba 

44*6 

78-1 

94-9 

33-4 

16-8 

1-99 

43 

7-8-8 

Ba 

27-6 

58-8 

73-8 

31-2 

15-0 

2-08 

44 

7-4 

Ba 

20-0 

50-9 

67-2 

30-9 

16-3 

1-90 

50 

7-4 

Ba 

23*3 

65-4 

86-4 

42-1 

21-0 

2-00 


The results are expressed in mg. P/100 g. thorax. 

I =morgame, 7T = pyro, total in precipitate, a:~T - {I 


We followed the hydrolysis of the adrenylpyrophosphate in N HCl 
at 100° C. over many hours, and obtained curves very similar to those of 
Lohmann [1928 6] (Figs. 2, 3), 

In the particular experiment shown in Fig. 2 the precipitate obtained 
by two precipitations at pH 7*4-7*6 from 120 flies was dissolved in the 
least possible amount of N/IO HCl. The solution was diluted and barium 
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was removed by adding a concentrated sodium siilpliate solution till 
precipitation was just complete and then centrifuging. To the centri¬ 
fugate 2 c.c. of 10 N HCl were added and the volume was made up to 
20 c.c. Samples of 1 c.c. were placed in 10 c.c. volumetric flasks, which 
were weighted so that they could be suspended in a rapidly boiling water 
bath* One minute after immersion the flasks were securely corked. They 
were removed at intervals, and each was placed in ice at once. The 



Pig. 2. Exp. 43. Hydrolysis of adenylpyropiiospliate in WHCl at 100° C. 

amount of free phosphate present in each was determined, as well as the 
initial phosphate and the total phosphate. For the latter the procedure 
used by Eggleton and Eggleton [1929-30] w^as followed: 1 c.c. of the 
extractwas heated with 1 c.c. 10 iV I^SO^ till white fumes appeared, then 
2 drops of Merck’s perhydrol were added. Gentle heating was continued 
until the liquid was quite colourless and until all effervescence was ended. 
After cooling, a little ’water was added, and the contents of the tube were 
boiled for 2 min. to decompose any remaining hydrogen peroxide, and 
any pyrophosphate and persulphate formed during the mcineration. In 
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performing the. phosphate estimation, it was necessary to allow for the 
H 2 SO 4 added in the incineration, as the presence of excess of acid inhibits 
colour formation; 2 c.c. of the molybdate solution {2-5 p.c. in 5i¥ H 2 SO 4 ) 
were replaced by 2 c.c. of a 2*5 p.c. solution in water. 

The value of k for the p}n:ophosphate hydrolysis was about 390 x 10 "® 
reckoned with natural logarithms; reckoned with decadic logarithms this 
becomes 170 x 10 "®, which may be compared with Lohmann’s value of 
about 250 x 10 ~® [1928 a]. We usually found that 8 ~ 8 | min. heating was 
necessary for complete hydrolysis of the p 3 rcophosphate, instead of the 
7 min. given by Lohmann. For example, in Fig. 2, the phosphate set 



Pig, 3. Hydrolysis of adrenyipyroptospliate. 
h for the pyrophosphate breakdown = 171 x 10“^, 

k for the adenylic acid breakdown = 2 x 10“® (using decadic logarithms). 


free in the early stages by breakdown of adenylic acid may be found by 
extrapolating the steady slope of the curve backwards to the ordinate, 
and calling the phosphate value, where it cuts the ordinate, zero. If the 
phosphate values from this curve are subtracted from the experimental 
values, it is found that the pyrophosphate breakdown is complete in 
8 J min. With the precipitates contaminated with hexose ester, this 
slowing of the pjncophosphate hydrolysis was particularly marked. In 
agreement with the results of Cori and Cori [1931-2a] with rat adenyl- 
pyrophosphate, it was found that, in the case of the fly, two-thirds of the 
adenylic acid phosphate was set free in 4 hours; the value of k, about 
2x 10~®, is the same as the value calculated hy Myrback and Euler 
[1931] from Levene and Jorpes’ data [1929] for inosinic acid hydro¬ 
lysis (using decadic logarithms). 
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As is well known, if tke attempt is made to estimate the ribose in 
mammalian adeiiylp^nophosphate by the Hoffmann distillation method 
[1927], the yield of furfural is only a small proportion of that to be 
expected. Thus Embden and Schmidt [1929] report the production of 
only traces of furfural from rabbit adenylic acid; Steudel and Wohinz 
[1931] obtained 12 p.c. of the expected amount using inosinic acid from 
meat extract; Barrenscheen and Filz [1932] found 6 p.c. of the ex¬ 
pected furfural was produced on distillation of rabbit adenylpyrophos- 
phate. In our own experiments on fly muscle we obtained a shghtly 
higher yield, but as a similar yield was obtained from frog adenylp^no- 
pliosphate, this fact is probably not of significance for the structure of 
the adenylic acid. In our experiments the procedure of Hoffmann was 
followed exactly, including the use of distillation apparatus with 
mercury-sealed joints, so that the use of rubber was avoided. 

Some results are shown in Table III. 


Table III. 





Furfural 

Furfural 





expected 

obtained 

Yield 

Exp. 

I\Iaterial 

Wt. used 

mg. 

mg. 

% 

28 

Yeast adenylic acid 

37-3 mg. 

5-2 

4-35 

84 

28 

Furfural 

5 mg. 

5-0 

3-85 

77 

2S 

Frog muscle 

Ca ppt. from 5*3 g. 

2-1 

0-58 

27-5 

29 

Frog muscle 

Ca ppt. from 12 g. 

3-75 

1-38 

37 

20 

Fly muscle 

Ca ppt, from 6 g. 

1-816 

0-454 

25 

47 

Fly muscle 

Ba ppt. from 3-4 g. 

1-36 

0-35 

25 

50 

Fly muscle 

Ba ppt. from 4-6 g. 

2-98 

0-89 

30 


Muscle adenylic acid 

10-54 mg. 

2-9 

0-5 

16 


The expected furfural was calculated as the equivalent of half the 
pyrophosphate P, estimated in a sample of each muscle extract. 

It was desired to compare, if possible, the result obtained for the 
adenylic acid of the muscle extracts by phosphate estimations with the 
result obtained by pentose estimations. It is obviously impossible to 
estimate the pentose content of muscle adenylic acid by Hoffmann's 
method; the method of Perdmann [1933], in which 70 p.c. yields of 
furfural can be obtained from muscle adenylpyrophosphate by distillation 
in 6N H 2 SO 4 at 150° C., was not published till after this work was com¬ 
pleted. An attempt was therefore made to estimate the pentose by 
means of the orcein-ferric chloride reaction of Bial. The estimation was 
carried out as described by Scheff [1924] for pentoses, except that a 
colorimeter was used instead of a spectrophotometer. The barium pre¬ 
cipitate was dissolved in acid, and the volume was adjusted so that 1 c.c. 
should contain about 0*20 mg, adenylic acid (calculated from the figures 
found for pyrophosphate). 1 c.c. was placed in a dry tube and treated 
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with. 4 c.c. of the Bial reagent. After 1 min. heating in a boiling water 
bath the tube was firmly stoppered (with a cork covered in tinfoil) and 
the heating was continued for another 9 min. After cooling, the solution 
was extracted by shaking, until completely colourless, with 5 c.c. amyl 
alcohol. After 10 min. the amyl alcohol layer was pipetted off and com¬ 
pared with a similar solution, prepared from muscle adenylic acid and 
containing 0-2 mg. adenylic acid per c.c. We are indebted to Dr Drury 
and to Dr P. 0stern for samples of muscle adenylic acid, in both cases 
made from mammalian muscle. The results obtained were unsatisfactory, 
being rather variable and always higher than was to be expected from 
the p 5 rrophosphate results (Table IV). 


Table IV. 


Adenylic acid P 
(half pyro P) 
nag. per c.c. extract 

0-0170 

0-0170 

0-0170 

0-0177 

0-0177 


Adenylic acid P 
(from pentose) 
mg. per c.c. extract 

0-0201 

0-0186 

0-0251 

0-0205 

0-0207 


An attempt was also made to use the modification of Sumner [1923], 
as Dr Cori informed us in a private communication that this was the 
method successfully used in the work on the rat. With the fly prepara¬ 
tions, however, this method also gave high results, and the colour pro¬ 
duced was not the same in the unknown as in the standard. Further 
work must show whether these results are due merely to the presence 
of some factor in the fly muscle influencing the rate of furfural production, 
or whether they are due to some peculiar property of fly adenylic acid. 
It may be mentioned that with Scheff’s modification of the Bial 
reaction, colour production was always markedly more rapid with the 
standard muscle adenylic acid solutions than with yeast adenylic acid 
solutions of the same concentration; after the 10 min. heating the colour 
developed in the yeast adenylic acid tubes was only about 75 p.c. of that 
in the muscle adenylic acid tubes. 


The hexose ester eraction. 

The total P content of the trichloracetic acid extract was shown to 
be considerably greater than the sum of the inorganic, phosphagen and 
adenylpyrophosphate P, As we shall see, this P probably belongs to 
hexosemonophosphate. The excess of P amounted, in two of the earlier 
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experiments 5 to 14*3 mg/lOO g. and 16*4 mg./100 g. These values are 
probably rather low, as in these particular experiments precipitation had 
been carriecl out at pH 10, so that the values for adenylpyrophosphate 
'Subtracted from the total were too high. After precipitation at pH 7*4, 
the value of 19*4 mg./lOO g. was found. In some later experiments the 
method of Cori and Cori [1931-2a] for the estimation of hexosemono- 
piiiosphate (with one or two adaptations necessitated by the different 
material) was followed, and here again, as was to be expected, higher 
results were obtained. 

In one such experiment the extract from 84 flies was neutralized to 
pH 7*4-7*6 with baryta. To the centrifugate after removal of the 
precipitate, four volumes of 97 p.c. alcohol (neutralized) were added, and 
the mixture was kept overnight at 0^ C. In this way argininephosphoric 
acid and hexosemonophosphate are completely precipitated. Then the 
precipitate was centrifuged off and dissolved in 20 c.c. iV^/10 HCl; the 
barium was removed by addition of sodium sulphate solution followed 
by centrifuging. The argininephosphoric acid was then broken down by 
15 min. heating in a boiling water bath. The free phosphate present after 
this treatment was estimated in one sample (A), as well as the total P in 
another sample (B). 

The values obtained were: 

A . 25-7 mg. free P/100 g. 

B . 48*0 mg. „ „ 

Ester P ... 22-3 mg. „ 

The value A represents, of course, the phosphagen P, together with 
some preformed inorganic P which escaped precipitation by barium, on 
account of the low ^H. 

In another experiment the reducing value of the ester was compared 
vith the P content as was done by the Coris. Three hundred flies were 
used; the precipitation was again at pH 7*4; in order to avoid any re¬ 
duction by arginine, the argininephosphoric acid was hydrolysed (in NflO 
acid for 30 min. at 100^ C.) before the alcohol precipitation. After the 
hydrolysis, the solution was neutralized, and four volumes of neutralized 
alcohol were added. After standing for 3 hours the precipitate was 
centrifuged oft’; it was dissolved in acid, and the barium was removed by 
sodium sulphate solution. The volume was made up to 15 c.c. The free 
phosphate {A) present in 1 c.c. was estimated, and the total P (5) in 
another 1 c.c. sample. Two samples of 5 c.c. each were used for the estima¬ 
tions of reducing power byHagedorn and Jensen’s method, using the 
solutions described by Boyland [1928]. 
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The phosphate estimations gave the following results; 

^4 . 24*9 mg. P/100 g. 

B . 43*5 „ 

Ester P ... 18*{5=108 mg. liexose/lOO g. 

Tlie reducing power of 5 c.c. was equivalent to 1*57 mg. glucose. For 
100 g. the value would be 82*6 mg. As the reducing power of hexose- 
monophosphate is only 67 p.c. of that of glucose^ the value must be 
multiplied by 100/67, in order that it may be compared with the hexose 
calculated from the P value. The result, 123 mg. hexose/100 g., is 14 p.c. 
high. This point will be further investigated, but at present it seems more 
reasonable to conclude that the presence of small amounts of other 
reducing substances {e.g, glutathione) [see Cori and Cori, 1931-2 a] is 
responsible rather than that a different hexosephosphate is present. 

Discussion. 

It will be interesting to compare the general distribution of soluble 
phosphorus found in the fly with the results given by Eggleton [see 
Hill and Kupalo v, 1930] for the frog and by Cori and Cori [1931-2 a\ 
for the rat. 

Table V.. 

P mg./100 g. muscle 



Piy 

Frog 

Rat 

Orthophosphate ... 

25-35 

18 

1 115 

Phosphagen . 

10-20 

65 

Pyrophosphate. 

30-40 

30 

41 

Esters with soluble Ba salts . 

20 

5 

7-10 

Esters with insoluble Ba salts (adenylic 
acid of adenylpyrophosphate) 

15-20 

15 

20*5 


One striking difference is the low phosphagen content of the fly 
muscle. It is also considerably lower than that found in many of the other 
invertebrates, especially other insects by Sc hilt ze. It is, of course, 
possible that the value found after the treatment described is lower than 
that in vivo; that the argininephosphate P could not, however, even in 
vivo be higher than about 20 mg./lOO g. is shown by experiments in which 
the total free arginine was estimated after hydrolysis of the phosphagen. 
The value obtained for the free arginine in such an experiment was 
121 mg./lOO g. the equivalent of which in P is only 21*5 mg./lOO g. 

Secondly, the fly muscle shows a high content of hexose ester, com¬ 
pared with the frog muscle, and with rat muscle removed under amytal 
anaesthesia. As Cori and Cori [1932-3] have pointed out, stimulation 
of excised rat muscles to contraction leads to increase in hexosemono- 
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ptospliate content, but tMs increase soon disappears if the muscles return 
to rest. The low resting value of hexosemonophospliate P, T-IO mg./lOO g., 
was only obtained when the muscle was removed from the animal under 
amytal anaesthesia. The nervous discharges accompanying death by 
stunning, decapitation, etc., caused great rise in hexosemonophosphate 
content. Injection of epinephrine into the intact animal also led to the 
production of hexosemonophosphate in the muscles, and the rise might 
persist for some hours [Cori and Cori, 1931-2 &]. Possibly the cold to 
which the intact flies are subjected acts as a stimulus to their nervous 
system, and the result is the production of some epinephrine-like sub¬ 
stance. In the rat the phosphate necessary comes apparently from the 
free phosphate of the muscles themselves and of the blood. Both in their 
low phosphagen content and in their high ester content the fly muscles 
resemble the muscle of the frog’s heart. The following values are from 
the paper by Clark, Eggleton and Eggleton [1931]. 

mg. P/100 g. 


Inorganic . 11*6 

Phosphagen. 7-3 

PjTophosphate . 11-2 

Organic phosphates -with insoluble Ba salts 11-3 

Organic phosphates soluble Ba salts 43*1 


In the case of these intact, isolated, cold-blooded hearts there 
reason to suppose that the low phosphagen content and the high 
content found in vitro do not represent the state of affairs in 
Further work must decide the question for the fly. 

SuMMAEY. 

1. It has been shown that fly muscle contains argininephosphoric 
acid. 

2. The distribution of the acid-soluble phosphorus has been quan¬ 
titatively studied. The muscle contains an adenylpyrophosphate, probably 
the same as that in frog muscle, and a reducing ester, probably hexose¬ 
monophosphate. 

3. The concentration of adenylpyiuphosphate is very similar to that 
in the frog or rat; the argininephosphoric acid content is small and the 
liexose ester content high in comparison with the frog or rat. 


is no 
ester 
vivo. 
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THE EXCRETION OF NON-METABOLIZED SUGARS 
BY THE MAMMALIAN KIDNEY. 

By C. L. cope. 

(Beit Memorial Research Fellotv,) 

(From the Department of Biochemistry, Oxford.) 

(Received September 26, 1933.) 

The searcli for renal function tests, which shall be based on sound 
physiological principles and not solely on empirical observation, has of 
recent years been conducted in two main directions. Firstly by attempts 
to form a true estimate of the volume of glomerular filtrate, and secondly 
by the study of phenomena which are presumably based on the activity 
of the renal tubule cells. 

It is clear that once the true volume of glomerular filtrate is known, 
the role of the tubule cells will immediately be more evident, and it is 
accordingly of great importance that any claims to have found a method 
of measuring glomerular filtration rate should be critically examined. 

Evidence continues to accumulate, from the work especially of 
Pilchards and his associates [1933], that the composition of the fi.ltrate 
is the same as that of an ultrafiltrate of plasma. Hence, if any substance 
can be found which enters the tubule lumen by filtration through the 
glomerulus, and in its passage down is neither added to by secretion or 
diffusion through the tubule cells, nor reduced in amount by reabsorption 
in these cells, then that substance can be employed to indicate the volume 
of glomerular filtrate. The clearance’’ for this substance must be 
identical with the volume of glomerular filtrate [Cope, 1931], 

xifter the abandonment of urea for this purpose by Cushny, there 
remained two substances which, it was felt, might still fulfil the required 
conditions. These two were creatinine and inorganic sulphate. But since 
it was shown that these substances had entirely different clearance values 
in the human kidney, that of the former being about three times as great 
as that of the latter, it was evident that one at least of them would have 
to be discarded [Cope, 1932; Hayman and Johnston, 1932]. 
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Re lib erg and tbe Scandinavian workers generally have persistently 
upheld their claims for creatinine, although the evidence they bring in 
support is relatively slender. Hayman and J ohnston [1932] attributed 
the wide discrepancy between the sulphate and creatinine clearances to 
a tubular reabsorption of the former rather than to any secretion of the 
latter. Cope [1932], however, felt that the available evidence wasentireiy 
inadequate to decide between the apparently rival claims of these sub¬ 
stances. 

In 1932, however, new substances for consideration were introduced 
by Jolliffe, Shannon and Smith, i,e. the non-metabolized sugars 
xylose and sucrose. The evidence brought forward in favour of these 
sugars was much stronger than that which had been accumulated for 
creatinine. 

The main points may be briefly summarized as follows: 

(1) Xylose and sucrose have the same clearance value when this is 
determined simultaneously for both in the mammalian kidney [Jolliffe, 
Shannon and Smith, 1932]. 

(2) Under the action of phlorrhizin glucose excretion increases until 
the glucose clearance comes to equal that already shown by xylose and 
sucrose [Jolliffe, Shannon and Smith, 1932]. 

(3) Xylose is readily excreted by fish whose kidneys possess glomeruli, 
but only in traces by those with aglomerular kidneys [Jolliffe, 1930; 
Clarke and Smith, 1932]. 

(4) Glucose is excreted by glomerular but not by aglomerular kidneys 
in fish under the action of phlorrhizin [Marshall and Grafflin, 1928; 
Marshall, 1930]. 

(5) After phlorrhizin the glucose clearance comes to equal the xylose 
clearance in fish with glomerular kidneys [Jolliffe, 1930; Clarke and 
Smith, 1932]. 

(6) Similar phenomena are also presented by the frog’s kidney 
[Marshall, 1932]. 

These observations are readily explained only if it is supposed that 
all three sugars are normally filtered through the glomeruli and do not 
enter the tubule lumen through the tubule cells except in traces, and that 
normally glucose is reabsorbed by an activity of the tubule cells which 
can be inhibited by administration of an adequate dose of phlorrhizin. 

If this be admitted, then certain further results of these workers must 
be held to show that creatinine is excreted in part at least by the tubule 
cells. For Shannon, Jolliffe and Smith [1932] found the normal 
creatinine clearance in dogs to be 15-50 p.c. higher than that for xylose 

16—2 
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(or sucrose )5 'wMle they claimed that after phlorrhizin the creatinine 
clearance fell to the same level as that for xylose, sucrose and glucose. 
And Clarke and Smith [1932] showed further that in the dogfish also 
creatinine is excreted more readily than xylose, a fact which they inter¬ 
pret as evidence of tubular secretion of the former. 

In this respect also, certain recent experiments by Hober [1932] are 
of interest. He found that when creatinine was supplied to the glomeruli 
of the frog’s kidney by perfusion into the aorta, it was readily excreted. 
But when it was supplied by the portal vein to the tubules it was also 
excreted though in greatly diminished amount, a fact which he considers 
as evidence that, although most of the creatinine is elinhiiated by glo¬ 
merular filtration, some leaks through the tubule ceils. 

It is clear, therefore, that the work of Smith and his associates is of 
such importance as to require early confirmation. 

White and Monaghan [1933] attempted to repeat the observations 
on the behaviour of creatinine and glucose during their excretion under 
the action of phlorrhizin, but found that in only one experiment out of 
thirteen did the glucose clearance rise to equal the creatinine clearance. 

The present work also was undertaken with a view to determining to 
what extent the results of Smith and his co-workers could be confirmed. 

Unfortunately facilities were not available for the use of dogs, and 
accordingly rabbits had to be employed, so that it is not possible to 
compare strictly the results here presented with the findings of Smith 
and Hs associates. Those that agree may be regarded as confirmatory, 
but those that differ may possibly be due to the use of a different experi¬ 
mental animal. 


Methods. 

Creatinine in urine and plasma has been estimated by the standard 
methods with alkaline picrate, taking the usual precautions as to purity 
of picric acid and similarity of concentration of standard and unknown 
solutions. Plasma concentrations were always determined before the corre¬ 
sponding urine values, and were throughout done on 1 in 10 Polin-Wu 
filtrates. In the earlier experiments an ordinary Duboscq colorimeter 
was employed, but in the later a Leitz universal compensating colori¬ 
meter was used. With this instrument the insertion of the green light filter 
greatly increased the convenience and accuracy of the colour comparison. 

Sucrose in plasma. The principles of the methods used by Jolliffe, 
Shannon and Smith [1932] have been employed as regards incubation 
with sucrase at 40*^ C. for 1 hour at pH 4*0™4‘5 (to bromphenol blue) and 
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subsequent neutralization with, sodium hydroxide (to phenolphtlialein). 
For the actual sugar estimation the titrimetric micro-method of Shaft er- 
Hartmann as modified by Somogyi [1926] was considered preferable 
to a colorimetric method, and recoveries for both glucose and sucrose 
were within 2 p.c. of theoretical in known solutions. Duplicate analyses 
made in all cases were in good agreement. 

Sucrose values were obtained by subtracting the plasma glucose 
figures from those for glucose + sucrose after inversion with sucrase. When 
only sucrose figures were required Folin-Wu filtrates were used, but 
when other sugars w’ere also being determined the copper filtrates of 
Somogyi [1931] were used. Early difficulties in preparing clear filtrates 
from rabbits’ plasma by this method were found to be due to the fact that 
more copper sulphate was required than for human blood to bring the 
final pH of the filtrate to about 6-0. In the proportions of 1*5 c.c. of 5 p.c. 
copper sulphate and 1*0 c.c. of 6 p.c. sodium tungstate to 1-0 c.c. plasma 
and 6*5 c.c, of water, satisfactory filtrates were obtained. 

Sucrose in urine was determined by essentially the same procedure 
using suitable dilutions of the urine, usually 1 in 100 or 200. Somogyi 
copper filtrates were usually employed, and invariably so when other 
sugars were also being determined. When sucrose alone was present the 
blank values obtained before inversion were practically negligible except 
when creatinine concentrations were high, for copper precipitation only 
removed about 60 p.c. of the creatinine in trial experiments. Using the 
Shaffer-Hartmann-Somogyi micro-method a 1 p.c. solution of 
creatinine in urine gave a reduction equivalent to about 300 mg. of 
glucose, and after the precipitation this was reduced to 130 mg. But by 
using the same analytical method for plasma and urine and diluting the 
urine to a concentration similar to that of the plasma, the resultant small 
error was practically eliminated, as Shannon, Jolliffe and Smith 
[1932] have pointed out. The recoveries of sucrose in urine were within 
2 per cent, with satisfactory agreement of duplicates. 

Sucrase was made by the method pf Morrow [1927], after submitting 
the yeast to a preliminary “enreicherung” before autolysis according to 
the recommendation of Willstatter, Lowry and Schneider [1925]. 
0*2 c.c. of the resultant clear solution was ample for a single analysis, and 
the blank due to the enzyme solution was small. 

Glucose in both plasma and urine was always determined from the 
difference in reducing activity before and after fermentation with washed 
yeast of copper filtrates according to the procedure of van Slyke and 
Hawkins [1929]. 
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Xylose. For a generous supply of xylose we are indebted to the 
United States Chamber of Commerce, who also supplied full details of 
the methods to be used for its purification. It was estimated in both 
plasma and urine as unfermentable reducing substance in copper filtrates. 
The finding of Jolliffe, Shannon and Smith [1932] that, during the 
fermentation, yeast absorbs about 13 p.c. of the xylose, has been con¬ 
firmed for filtrates containing about 10 mg./lOO g. of the sugar. With 
our yeast it has tended to increase with higher concentrations, reaching 
16 p.c. with 50 mg./lOO g., and falling to about 10 p.c. in solutions with 
5 mg. representing filtrates of a blood with 50 mg./lOO g. To avoid com¬ 
plications, however, the observed non-fermentable reductions have been 
multiplied by 100/87 to obtain the true xylose figures. The Shaffer- 
Hartmann-Somogyi micro-method with 15 min. heating gives a 
reduction corresponding to only 95 p.c. of that shown by the same con¬ 
centration of glucose. But since this factor enters equally into all 
analyses in which xylose is present and does not affect the calculation 
of the clearance, it has not been applied. The phlorrhizin used in some 
experiments must affect the reduction figures. With the sugar method 
used 100 g. phlorrhizin gave a reduction equivalent to 13 mg. glucose. 
Since this is apparently not removed either by the copper precipitation 
or the yeast treatment, it will be estimated in the xylose fraction. But 
since xylose is present in amount three to four times that of phlorrhizin, 
the reduction due to the latter will not exceed about 4 p.c. of the former. 
Hence, unless the two substances have widely different clearances, the 
phlorrhizin will not greatly affect the estimation of the xylose clearance. 
Nevertheless, it is probable that the xylose analyses are rather less accurate 
than those of the other sugars. 


Experimental. 

Male rabbits were used throughout. 40-100 c.c. of an aqueous solution 
containing such quantities of sucrose, xylose and creatinine as would give 
approximately the desired plasma concentrations were injected sub¬ 
cutaneously. About an hour was allowed for absorption before collection 
of urine samples was begun. All urine collections were made by a soft 
rubber catheter, and although the bladder was not washed out, it is not 
believed that the volume of residual urine was large. Blood samples were 
collected at the middle of each urine period from an ear veia, being 
allowed to drip directly into a centrifuge tube containing potassium 
oxalate. The samples were centrifuged immediately, and from the plasma 
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Folin-Wii or copper filtrates were prepared witMn 2-3 hours. These 
filtrates, when not analysed the same day, kept well in the cold store 
overnight. 

In no experiment was an}^ anaesthetic used, the animals remaining 
placid and normal throughout. 

"RTien phlorrhizin was administered, it was given by subcutaneous 
injection dissolved in 1*5 p.c. sodium bicarbonate in a uniform dose of 
1 g. to rabbits averaging 2-5-3-0 kg. in weight. 


Eesults and discussion. 

A comparison of the sucrose and creatinine clearances was first 
entered upon before the work of Shannon, Jolliffe and Smith [1932] 
was published. Sucrose was used in preference to xylose because these 
workers had previously claimed that the two sugars behaved similarly 
and were presumably interchangeable. Sucrose analyses were apparently 
rather more accurate than those with xylose, and further, at the time this 
work was done, an adequate supply of xylose was not available. 

It soon became apparent that the creatinine clearance is practically 
always somewhat higher than that for sucrose during the same period. 
In this we therefore fully confirm the published results of the above 
workers. 

In this series a wide range of clearance values was encountered, owing 
mainly to the fact that two of the rabbits were fed for some weeks on 
a diet of bran and oats, which was associated with a serious fall in the 
clearances, a fall which did not occur on a diet of green vegetables. 

In Fig. 1 the observed creatinine clearances are plotted against the 
corresponding sucrose clearance figures. It will be seen that there is a 
definite proportionality between the two, although more scattering exists 
than is to be accounted for by experimental errors. The dotted line in the 
figure is the line of equality of the two clearances. In all cases but one 
the points lie above this line, the creatinine clearances therefore exceeding 
the sucrose clearances. 

Now the creatinine clearance is the basis of Re fiber g’s test for renal 
function, and is extensively used for clinical purposes in Scandinavia and 
to a less extent elsewhere. It was accordingly felt that, if this test is to 
justify its use for scientific purposes, it should be feasible to use it to 
examine the possibility that, in the excretion of substances of this type, 
there exists an essentially linear relationship between plasma concentra¬ 
tion and rate of excretion, but that this is frequently obscured by 
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lias iiid irregular yariatioiis in general renal activity. A case 

conditi^*^'^ been recorded of one human subject in whom, under certain 
does not^*' ^ relation did exist for creatinine [Cope, 1931], hut this 
We 1 bo be the general experience. 


o'eneral therefore used the creatinine clearance as a measure of 
plasma actmty whilst studjdng the excretion of sucrose at varying 
( 3 orrectt^°*^^*^®^bxations. In such work it is unnecessary to assume the 
o-lomer Rehberg’s contention that creatinine measures the 

‘ filtrate, and it is for this reason that we prefer to use the term 
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concentrai-^^ activity. In this group of experiments plasma creatinine 
7-14 mo h.a,Ye been kept witliin the relatively narrow limits of 


infliienee*^ ™ order as far as possible to minimize any possible 

have mea creatinine concentration. Sucrose concentrations 

observed g been varied from 20-220 mg./lOO g. in the plasma. The 
general ^^ose excretions have been corrected for any variations in this 
that full activity as judged by the creatinine clearance, assuming 
hour.Th^"^7^^^ is indicated by a creatinine clearance of 700 c.c, per 
600, the Ob* observed creatinine clearance in a given period is only 
7/^j sh. sucrose excretion during this period has been multiplied 
the kidney was then only exerting 6/7 of its full activity. 



SUGAR EXCRETION BY KIDNEY, 


245 


Ill Fig. 2, tken, the plasma sucrose concentration has been plotted 
against the sucrose excretion rate corrected to a constant general renal 
activity corresponding to a creatinine clearance of 700 c.c. per hour. The 
suspected linear relation is at once revealed. 

If now the conditions are reversed, and plasma creatinine concentra¬ 
tion is varied over a wider range, whilst the sucrose clearance is used as 
an index of general renal activity, the observed creatinine excretion rate- 
can similarly he corrected for variations in this activity in like manner. 
In Fig. 3 plasma creatinine concentration has been plotted against the 
observed excretion rate after this has been corrected to a constant renal 
activity corresponding to a sucrose clearance of 500 c.c. per hour. With 
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the exception of one, all points fall close to a straight line and a linear 
relationship is again demonstrated. This figure is of interest also from 
another point of view. The objection is frequently raised against experi¬ 
ments with creatinine that the existence of this substance in normal 
plasma is in doubt, and that therefore the total chiomogenic substance 
is no measure of the amount of available creatinine. If this were an 
appreciable factor in determming the excretion of creatinine we should 
expect its effect to be increasingly evident as the amount of exogenous 
or added creatinine in the plasma is diminished. Fig. 3 shows, however, 
that this is not the case. Creatinine excretion has been found to be no less 
regular when the “apparent” creatinine in plasma is low than when it is 
high. Yet at the low concentrations the excreted creatinine is presumably 
derived mainly from the unknown plasma chromogen. 




m 





Bistribiition of values of the ratio 
creatiuine clearance/sucrose clearance 
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Tliis fact, and also the experiments previously reported on a liumaii 
subject [Cope, 1931], show that in practice no significant error is intro¬ 
duced in work of this kind by assuming that, so far as the kidney is 
concerned, practically all the av^ailable chromogen is treated as creatinine. 
Whilst we are willing to accept the vdew that the chromogen of normal 
plasma does not behave chemically like creatinine, we feel nevertheless 
that when the plasma concentration is artificially raised, no significant 
errors are introduced by regarding the whole as creatinine. White and 
Monaghan [1933] have taken as the creatinine content of plasma in 
their experiments the observed value minus the value obtained on a 
normal plasma before administration of creatinine. This method is only 
permissible if, at the same time, the urine is dealt vith in a similar way. 
That portion of the urinary creatinine which is derived from the normal 
plasma chromogen must also clearly be subtracted from the total urinary 
creatinine. If this is not done, the resultant figures for the creatinine 
clearance will tend to rise to infinity as the proportion of exogenous 
plasma creatinine falls to zero. Whether or not the urine was so dealt 
with is not clear from the published figures of the results of White and 
Monaghan. 

We have abeady noted the fact that in Fig. 1 the deviations from a 
linear relation between sucrose clearance and creatinine clearance are 
greater than can be attributed to experimental errors. The extent of 
variation of the value of the ratio creatinine clearance/sucrose clearance 
is an indication of this (Fig. 4), for if both linear relations held accurately 
the ratio would remain constant. 

Now Smith and his co-workers explain the fact that the creatinine 
clearance exceeds that for sucrose by supposing a secretion by the tubules 
of that portion of the excreted creatinine responsible for the difference 
between the two clearances. But since this explanation, though a proba¬ 
bility, is not yet a certainty, we prefer to allude to this extra creatinine 
by the less commital term '"excess creatinine clearance.” 

If we suppose that the excretion of this extra creatinine is brought 
about by a process in the kidney different from that responsible for the 
excretion of the sucrose on the one hand, and an amount of creatinine 
corresponding to the same clearance as the sucrose clearance on the other, 
then it is evident that this process is of very variable activity and may 
be responsible for from 0 to 30 p.c. or more of the total quantity of 
creatinine excreted. 

Attempts to correlate the variations in the excretion of this fraction, 
the ""excess creatinine clearance,” with other factors which might be 
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expected to influence it, if it be a tubular secretion or diffusion, bave not 
been successful. It apparently bears no relation to the absolute value 
of the clearance. Xor do the actual concentrations of creatinine in the 
plasma or the urine seem to be determining factors. This lack of cor¬ 
relation mth the plasma concentration is also evidence that the 
variations in this ''excess creatinine clearance” are not attributable to 
discrepancies between the "apparent” and the "true” creatinine of these 
plasmas. 

The possibility that the variations are rather due to changes in sucrose 
excretion cannot be ignored, but here again no influence of the concen¬ 
tration of sucrose in plasma or in urine could be detected. 

Attempts to influence the value of the "excess creatinine clearance” 
by urea have also failed, no definite effect having been noted. 

We therefore have no real clue as to the origin of this "excess 
creatinine” or to the reasons for its variations. In their very irregularity 
they are perhaps most in keeping with the view that this process is one 
of secretion, and we feel inclined provisionally to accept this explanation 
in the absence of further evidence. 

Kow Shannon, Joliiffe and Smith [1932] have claimed that under 
the influence of phlorrhizin the creatinine clearance falls and becomes 
equal to the xylose clearance, so that this "excess creatinine clearance” 
disappears. In our experiments using sucrose in place of xylose it has not 
been possible to confirm their findings. The values of the ratio creatinine 
clearance/suGxose clearance obtained in a number of such comparisons 
are shown in Fig. 4. It will be seen that the distribution is not significantly 
different from that obtained in the absence of phlorrhizin. There has 
appeared no constant tendency for the value of this ratio to approach 
unity, although in most cases the glucose excretion indicated a complete 
phlorrhizination. Typical figures obtained are shown in Table I 

If, however, the creatinine clearance is compared with the xylose 
clearance a definite fall in the ratio between the two can al'ways be noted. 
This discrepancy can be accounted for by the fact that in our experiments 
the xylose clearance has been found to be consistently below that for 
sucrose in the absence of phlorrhizin, the value of the ratio sucrose 
clearance/xylose clearance varjring between M7 and 1*39, with a mean 
of 1*30. Phlorrhizin has brought this ratio down to unity within the 
limits of experimental error, the mean value of the ratio then becoming 
0*98. We are not prepared to say definitely whether this is due to a fall 
in the sucrose clearance or to a rise in that of xylose, but are inclined to 
the view that the sucrose clearance falls to the xylose level. 



Urine Sucrose Xylose UlueoBii 





in Exp, 1 in wliich it began immediately after the injection. 
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XevertlielesSj tlie creatinine clearance has never fallen to the xylose 
level even during the periods when phlorrhizin action was complete as 
judged by the glucose excretion, the mean value of the ratio creatinine 
clearance/xylose clearance being then 1-21 compared with 1*55 in the 
absence of pHorrhiziii. In this our results thus agree better with those 
of Poulssoii [1930], and of White and Monaghan [1933] than with 
those of Shannon, Jolliffe and Smith [1932]. 

That during the action of phlorrhizin the glucose clearance rises to 
equal the sucrose and xylose figures we have been able fully to confirm. 
The mean of the maximum values of the ratio glucose clearance/sucrose 
clearance reached in each of seven experiments was 0*97. 

We have, in these experiments, been dealing with plasma creatinine 
concentrations which are on the whole considerably lower than those 
used by Shannon, Jolliffe and Smith. The possibility that herein lay 
the cause of the failure to reduce the creatinine clearance to the xylose 
and sucrose level could not be ignored. It seems unlikely that this is the 
case however. These workers have observed their effect with plasma 
creatinine concentrations below 20 mg./lOO c.c. Moreover, they state 
that in dogs the non-creatinine chromogenic substance never exceeded 
0*5 mg./lOO g., so that with plasma creatinine level above 10 mg./lOO g. 
the resultant error is small. The discrepancy we find between the creatinine 
and xylose clearances under phlorrhizin averages about 20 p.c. and would 
appear therefore to be much too large to be accounted for in such a way. 

We find ourselves quite unable to account for these phenomena of the 
excretion of the sugars except along the lines of the views held by Smith 
and his associates. That is, that phlorrhizin diminishes or abolishes the 
permeability of the tubule cells, so that on the one hand the reabsorption 
of glucose is completely inhibited, and on the other the diffusion or 
secretion of creatinine and possibly also of sucrose is greatly reduced. 
That we have been unable to abolish completely this apparent diffusion 
of creatinine, and in this respect differ from the Bellevue Hospital workers, 
does not seriously affect the conclusions which one feels compelled to 
draw. Nor does our finding that in the absence of phlorrhizin the sucrose 
clearance exceeds that for xylose. 

It is not difficult to believe that, in the phlorrhizinized kidney, some 
permeability of the tubules for creatinine is still present. 

But whether or not this explanation of the facts be accepted, and it 
is difficult to put forward any other, it would seem quite certain that the 
figure representing the xylose clearance has a real meaning in the kidney. 
The same fi.gure can be arrived at by a study of the excretion of either 
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sucrose or glucose under tlie influence of pklorrhizin. A rougli approxima¬ 
tion to it can be obtained from tbe creatinine clearance under pblorrMzin 
or the sucrose clearance without phlorrhizin. 

Further support for the importance of this figure is contained in the 
succeeding paper, in which it is shown that precisely the same value can 
be arrived at by the use of an entirely independent substance, having 
wudely difierent chemical properties [Cope, 1933]. So far as w^e are aware 
no other value is knowm for the kidney w^hich can be arrived at in even 
two ways, without irreversible damage to that organ. 

We feel, therefore, that the phenomena presented by the excretion 
of these substances vrell merit further investigation, and that they ofier 
great hope for the development of a renal function test along rational 
lines. 

Summary. 

The excretion of the sugars xylose and sucrose has been compared 
with that of glucose after phlorrhizin, and with creatinine with and with¬ 
out phlorrhizin in the rabbit’s kidney. 

In confirmation of previous workers the clearances for all three sugars 
have been found equal after phlorrhizin. 

In the absence of phlorrhizin the sucrose clearance was about 30 p.c, 
higher than the xylose clearance. 

The creatinine clearance may be from 0 to 50 p.c. higher than the 
sucrose clearance, but is never lower. This difference is not appreciably 
affected by phlorrhizin. 

Creatinine clearance averages 55 p.c. above xylose cleaxance, but fails 
to only 20 p.c. above it after phlorrhizin. It has never been found equal 
to the xylose clearance. 

Creatinine clearance is roughly proportional to the sucrose clearance 
over a wide range of clearance values. The ratio between the two is not 
appreciably influepced by the concentrations of either in plasma or urine, 
nor by the action of urea. 

If allowance be made for varying renal acti\dty, an approximately 
linear relation can be found between plasma concentration and rate of 
excretion for both creatinine and sucrose. 

The interpretation of these findings is considered. 
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THE EXCRETION OF CYANOL BY THE 
MAMMALIAN KIDNEY. 

By 0. L. COPE. 

{Beit Memorial Research Felloiv.) 

{From the De'partment of Biochemistry, Oxford.) 

{Received Sejptember 20, 1933.) 

The interesting experiments forming the basis of claims recently pnt 
forward for the sugars xylose and sucrose as indicators of glomerular 
filtration rate in the kidney have been in part confirmed and discussed 
in the previous paper [Cope, 1933]. 

It became of interest also to compare the excretion of these sugars 
with that of another substance of quite different type which had also been 
claimed to behave similarly in the kidney—the dye ^^Cyanol extra.’’ 

The experimental phenomena presented by xylose and sucrose have 
already been stated elsewhere and need not be further repeated here, but 
it is convenient briefly to summarize the evidence relating to cyanol. 

Gyanol belongs, according to Hober, to the group of highly diffusible, 
lipoid insoluble acid dyestuffs. It is readily excreted in the urine of most 
animals after subcutaneous or intravenous injection. But when injected 
into the blood stream of the fish Lophius piscatorius, whose kidney has 
no functional glomeruli, it appears only in traces in the urine, although 
phenol red injected at the same time is readily excreted [Hober, 1930]. 

Similarly, when the glomeruli of another fish, the sculpin, are rendered 
inactive by several doses of phlorrhizin, injected cyanol does not appear 
in the urine in appreciable amount [Marshall and Graf flin, 1932]. 

Again, when supplied to the tubules of the frog’s kidney by perfusion 
through the portal vein, it is excreted in only small amount at low con¬ 
centration, although when perfused by the aorta through the glomeruli, 
it is much more rapidly excreted and more highly concentrated in the 
urine [Schulten, 1925], In view of these and other similar results 
Hober considered it was proved that cyanol is a purely glomerular 
excretory product, not being appreciably influenced by the tubule cells. 

17 
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Descombes [1932] accordingly attempted to show that both cyanol 
and creatinine behave in identical manner in the mammalian kidney, his 
purpose being to obtain further support for Rehberg’s contention [1926] 
that creatinine also is excreted only by the glomeruli. The conclusions 
which he draws are, however, scarcely justified by the results which he 
presents. No blood analyses were made, and it was presumably assumed 
without experimental proof, that after intraperitoneal injection both were 
absorbed at equal rates into the blood stream. Further, asDescombes 
himself freely admits, the technical difiiculties of estimating both 
creatinine and cyanol simultaneously in the same solutions are very great 
owing to the interference of the blue colour with the orange of the Jaf f e 
reaction for creatinine. He found, however, that there was a fairly good 
parallelism between the rates of excretion of cyanol and creatinine, but 
his conclusion that this indicates a similarity of excretory mechanism for 
both we cannot accept on his evidence. 

Frey also [1932] has, in a few experiments, used cyanol as a measure 
of glomerular filtration rate, but adequate comparisons with other methods 
were not made. He obtained, in one experiment on a rabbit under 
urethane, figures which indicate a cyanol clearance in two periods of 
168 and 300 c.c. per hour. Such figures are rather below those usually 
obtained by the use of sucrose or xylose, but this may well be due to the 
effect of the urethane. 

In the work here to be presented cyanol excretion has been compared 
in rabbits with that of xylose, sucrose and glucose. 

Methods. 

The methods used in the sugar analyses have been discussed elsewhere 
[Cope, 1933] and were used here also without modification. Somogyi 
copper filtrates of both blood plasma and diluted urine were used in all 
cases. 

The method used to determine the concentration ratio for cyanol calls 
for explanation however. For a supply of this dyestuff we are indebted 
to the generosity of Messrs Bayer Products, who assure us that it is 
similar to that used by Prof. Hober himself. 

The dye dissolves freely in water to give a deep blue solution. 
Spectroscopically examined a weak solution shows a well-marked 
absorption band in the region 590-620ftft. It differs markedly from 
hsemoglobin in showing no significant absorption in the blue. This fact 
has been made use of in estimating cyanol in plasma. It was not found 
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possible to obtain plasma samples from rabbits, wliicb were so free from 
li^molvsis or slight yellow tinge that they could he accurately compared 
in a colorimeter against an aqueous cyanol standard. The yellow tinge 
of the plasma has accordingly had to be compensated by the insertion 
of a cyanol-free plasma on the other side of the colorimeter. In doing 
this, the Leitz universal compensating colorimeter has been found to be 
of the greatest value. 

It has been employed as follows; After obtaining a satisfactory 
centred light source, the cyanol-containing plasma sample is placed, 
without further treatment than good centrifuging, and without dilution, 
into a micro cup on the left side of the middle stage of the colorimeter. 
A cyanol-free plasma, obtained preferably from the same rabbit before 
it has received the cyanol injection, is placed in the corresponding right 
cup. In the top stage, where micro cups are not necessary, water is 
placed in the left-hand cup and a suitable cyanol standard on the right 
side. The coupled plungers of this upper pair of cups are then lowered to 
the bottom so that the hght passes through the two plasmas only. The 
bottom stage of the colorimeter is left empty. The blue light filter (No. 2) 
which transmits mainly at 450 ftju is then inserted in the system. Now, with 
the left-hand blue plasma adjusted to a definite depth, usually 5 or 10 mm., 
difierences in the intensity of the two halves of the visual field are due 
partly to opalescence but mainly to the yellow colour of the plasma itself. 
The right-hand cyanol-free plasma is now adjusted until the light in¬ 
tensity is equal on the two sides of the field. Next, without moving either 
plasma, the light filter is changed to a red (No. 9), transmitting at a wave¬ 
length of about 600/Xju. The field again become unequal owing to the 
light absorption of the cyanol in this part of the spectrum, and then, 
still using the same red filter, the upper coupled plungers are raised until 
equality of the fields is restored, and the comparison between plasma and 
aqueous cyanol standard is thus made. 

This procedure, which is much simpler in practice than in description, 
has appeared to give quite satisfactory results even when hsemolysis was 
sufficient to give a perceptible greenish tinge to the cyanol-containing 
plasma. 

Actually, in these experiments, determination of the cyanol concen¬ 
tration ratio was of greater importance than a knowledge of the absolute 
cyanol concentrations. Hence, in order to minimize experimental errors, 
the corresponding urine suitably diluted was used in the upper cups, in 
place of a standard of known concentration. In this way the cyanol con¬ 
centration ratio has been measured directly. The absolute concentration 

17—2 
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ill tlie urine was found hr comparing a diluted urine sample witli an 
aqueous standard containiiig 1 mg, cyanol per 100 c.c. Plasma cyaiiol 
concentrations were tien calculated from tlie urine concentration and 
the coiicentratioii ratio. 


Pi.ESULTS AXD DISCUSSION. 

Preliminary comparisons of the eyanol clearance with that of sucrose 
revealed that although they are of similar magnitude, the identity is not 
complete. The sucrose clearance tends to be some 25 p.c. higher than the 
cyanol clearance. 


Cyanol 


Urine 


Sucrose 


Cone. 


Cyanol 

vol. c.c. per 

r 

Plasma 

-/ 



Ur. 

Urine 

Clearance 

ratio 

Clearance 

Sucrose 

26-S 

1S7-4 

2781 

543 

15-3 

410 

0-75 

2M 

130-7 

3520 

545 

25-1 

530 

0-97 

7-2 

149-9 

12507 

601 

73-0 

525 

0-875 

6‘9 

140-3 

12203 

599 

69-0 

475 

0-795 


Mean 0*85 


But since it had been previously found that xylose has a clearance 
some 20 p.c. lower than sucrose in the absence of phlorrhizin, a direct 
comparison of xylose with cyanol w’as evidently likely to give a closer 
correspondence between the two clearances. This has accordingly been 
made, and although occasional deviations have occurred, the tendency 
for the two clearances to he identical has been definite. In a series of 
thirteen such comparisons the value of the ratio cyanol clearance/xylose 
clearance has been within the limits of 0*975 and 1*03 in ten, and in the 
remaining three was 0*85, 0*83 and 0*79. 


Table I. Comparison of xylose and 
cyanol clearances. 


Urine 
vol. c.c. 

Xylose 

_ 'Ljk _ 


Cyanol 

A 

Clearances 

Ratio 

Cyanol 





f - 

- ^ 

per in*. 

Hasnia 

Urine 

Plasma Urine 

Xylose 

Cyanol 

Xylose 

45-6 

133-0 

1170 


8*6* 

401 

392 

0*98 

21*2 

116*0 

2245 


20-0* 

ill 

424 

1*03 

18-0 

140*0 

2180 

2-4 

36-3 

280 

272 

0-975 

n -3 

115-5 

3950 

2-0 

66-6 

386 

377 

0*975 

9-33 

139*0 

5150 

3*16 

117-0 

345 

345 

I -00 

10-2 

131-5 

5025 

2*67 

100*0 

390 

382 

0-98 

8-13 

100*4 

3723 

2*96 

109*0 

301 

299 

0-995 

1-90 

89*7 

7019 

2*92 

195*0 

153 

131 

0-856 

16*8 

85*3 

1819 

2-76 

48-8 

358 

297 

0-83 

10*6 

68*1 

2461 

1*81 

64*5 

384 

378 

Mean 

0-98 

0*96 


Concentration ratio. 
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TMs marked tendency of tlie value of the ratio to he unity would 
seem too great to be attributed to chance, and it appears justifiable 
therefore to attribute the three discrepant values to the existence of some 
interfering process which is not usually present. 

On attempting to extend this comparison to include glucose in the 
phloirliizinized kidney, entirely unexpected results were obtained. For 
while the glucose clearance rose to equal the xylose figure, that for cyanol 
fell very considerably to a value much below the other two. Its behaviour 
therefore was practically the opposite of that of glucose. Taking only 
those values obtained during full pblorrhizinization, as indicated by the 
value of the glucose clearance/xylose clearance ratio, the mean value of 
the ratio cyanol clearance/xylose clearance is then only 0*42 as compared 
isith a mean of 0*95 for all the thirteen values of the same ratio obtained 
in the absence of phlorrMzin. 

The inhibitory effect of phlorrhizin on cyanol excretion is thus very 
large, and is in fact readily apparent by simple inspection of the excreted 
urines. 

In Fig. 1 it is compared with the behaviour of the sugars and 
creatinine towards phlorrhizin. 

The interpretation of these findings is not easy, nor is it rendered any 
easier by the most recent work of Hoher and Meirowsky [1932] on 
the excretion of cyanol in the frog’s kidney. 

The correspondence of the cyanol and xylose clearances in the normal 
kidney would have been in good accord with the view that both are 
excreted by the same mechanism, i,e, by glomerular filtration alone, 
were it not for the doubt cast on his own original interpretation by 
Hober himself in the above-mentioned paper. For he has recently 
found that, although cyanol behaves as though excreted only by the 
glomeruli when the kidney is perfused with a modified Einger solution, 
yet when perfused with blood or a haemoglobin containing solution, the 
tubule cells appear to he permeable to cyanol. 

If tliis be true also of the mammalian kidney, then the close corre¬ 
spondence of the cyanol and xylose clearances will have to be regarded 
as a coincidence, although a rather remarkable one. It would then be 
possible to explain the inhibitory effect of phlorrhizin as due to a cessation 
of excretion of that fraction of the cyanol excreted by the tubules. But 
on such a view the remaining glomerular fraction which survives the 
inhibiting effect of phlorrhizin would be only 40 p.c. of the amount to be 
expected from the various sugar clearances. This in turn might be attri¬ 
butable to an adsorption of some of the dye in the plasma, rendering it 
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iiidiftusible in the same manner as is known to occur with phenol reel. 
With this possibility in mind an attempt was made to determine what frac¬ 
tion of the plasma cyanol was freely diffusible. No appreciable amount of 
cyanoi could, however, be dialyzed out through collodion nieiiibraiies 
from plasma taken from rabbits previously injected with the dye either 
with or without phlorrhizin. This point must therefore be left imdecided. 



Mg. 1. Effect of phlorrhizin on the cyanol clearance compared with 
the effect on sugars and creatinine. 

But even if Hober’s original view that cyanol is a purely glomerular 
product he correct, then, although the similarity of the cyanol and xylose 
clearances becomes explicable, the anomalous behaviour of cyanol in the 
phlorrhizinized kidney still requires some other explanation. 

It is clear therefore that further work on the excretion of cyanol is 
required before these phenomena can be adequately explained. 
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SUMMAEY. 

The excretion of the dye '' Cyanol extra ’’ has been compared with that 
of sucrose, xylose and glucose in the rabbit’s kidney. 

The sucrose clearance has been found to be some 25 p.c. higher than 
that for cyanol. The xylose clearance was equal to the cyanol clearance 
within the limits of experimental error in ten out of thirteen comparisons. 

Under the action of phlorrhizin the glucose clearance rises to equal 
the xylose clearance, but the cyanol clearance falls considerably and then 
averages only 42 p.c. of the xylose or glucose clearance. 
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INFLUENCES WHICH AFFECT THE FORM OF THE 
RESPIRATORY CYCLE, IN PARTICULAR THAT 
OF THE EXPIRATORY PHASE. 

By M. HAMMOUDA akd W. H. WILSON. 

{From the Physiological Lahoratory, University of Cairo.) 

{Received September 26, 1933.) 

In a communication to this Journal [Hammouda and Wilson, 1932] 
the respiratory cycle was described as composed of three phases, the third 
being the expiratory pause shown as a horizontal line on the graph. We 
drew attention to the form of the cycle in decerebrate or chloralosed 
animals, since we believed that it represents correctly the cycle of activity 
of the central nervous mechanism and that the absence of change in 
volume of the lungs during the pause proves that the initiation of the in¬ 
spiratory act could not be due, as had been commonly supposed, to an 
excitatory stimulus arising in the lungs. The results seemed to show that 
the respiratory centre governs only the rate and depth of inspiration, 
expiration being an act of passive recoil. 

In a paper published subsequently Sharpey-Schafer [1932] states 
that there is no pause in the expiratory phase of the normal human cycle, 
and he holds that an active factor forms an essential part of this phase. 

Although the type of cycle as described by Sharpey-Schafer is that 
most commonly seen, it is nevertheless an undoubted fact that a pause 
as definite as that seen in animals (Gad [1879] in the conscious rabbit, 
Head [1889] in the same animal under chloral and ourselves in decere¬ 
brate or chloralosed dogs) does occur in the human subject under normal 
conditions of life. We discussed this question briefly in the appendix to 
Section I of the paper referred to above. Reference was made to the 
published records of other authors in which human respiratory cycles are 
illustrated which show a definite and well-marked expiratory pause. The 
papers referred to were those of A. Mosso [1878] showing the cycle of a 
human subject when asleep, Luciani [1911] of a man at rest but awake, 
and of Haldane and Priestley [1905] in one of their subjects whose 
breathing was recorded with the body plethysmograph. Later in this 
paper a figure is shown (Fig. 7) demonstrating this fact. It is evident that 
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the occiiiience of a pause during wHch the volume of the lungs remains 
iirLchanged does not imply anything abnormal in the action of the re¬ 
spiratory centre. 

We hope to be able to show that the presence or absence of a pause in 
the expiratory phase is not related to any active factor apart from the 
probable reflex control of the frictional resistance of the air passages to 
the exit of air. An active factor in expiration should be taken to mean a 
muscular action present in normal breathing and necessary to the dis¬ 
charge of air from the lungs. That such action is not essential is shown 
by the Drinker respirator. With this apparatus breathing can be main¬ 
tained at a normal rate in persons with complete paralysis of the respira¬ 
tion, inspiration being effected by the production of a negative pressure 
external to the body, expiration by passive recoil. 

In a paper read recently at a meeting of the Physiological Society, one 
of us {W. H. W. 1933) has drawn attention to the fact that records of the 
intra-abdominal pressure do not show any evidence that the abdominal 
muscles act otherwise in respiration (except in forced expiration) than as a 
passive elastic membrane, the tension of which is increased by the descent of 
the diaphragm and which recoils when contraction of the diaphragm ceases. 
There is, in fact, no indication of any relaxation of tone of the abdominal 
muscles during normal inspiration such as might be expected to occur if 
these muscles behaved as the physiological antagonists of the diaphragm. 
The older view of the part taken by muscular action in expiration was that 
this was analogous to inspiration and was controlled by an expiratory 
centre in the medulla. It is now thought that such actions are propriocep¬ 
tive reflexes originating in the inspiratory muscles. This clearly supports 
the view that the respiratory centre is essentially inspiratory in function. 

A. Fleisch [1928] believes, from his observations on human subjects 
of the reactions to sudden changes of intra-pulmonary pressure in either 
direction or to closure of the air inlet during expiration or inspiration 
respectively, that such proprioceptive reflexes are of importance in 
normal breathing^. Such reactions should continue with diminishing 

^ It may be pointed out that A. Fleiscb and other observers have dravTi deductions 
from the results of observations on human subjects using procedures such as the sudden 
closure of the air outlet or the establishment of pressures i*esisting expiration which exceed 
that normally existing in the air passages or can be overcome by the effect of elastic recoil 
(with normal expansion of the chest about 5 mm. Hg or 6-5 cm. H^O). The conditions so 
established can, in fact, only be overcome by muscular action wliich would not ordinarily 
he necessary. The reactions to such procedures might very well be regarded as demon¬ 
strating the mechanism whereby the breathing is adapted to conditions which may arise 
but which are abnormal: it is, however, doubtful whether they should be regarded as 
demonstrating the occurrence of reflex actions taking part in noiinal breathing." 
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effect throughout the expiratory phase. Eo evidence of this can be seen 
in the cycle of tracheal breathing in decerebrate animals nor, if slight 
inflation of the lungs be effected during the inspiratory phase, is the 
termination of inspiration followed by any reversal which is not explained 
by the release of the passive recoil forces. 

Adrian [1933] has found evidence of electrical activity during expira¬ 
tion in the internal intercostals and triangularis stern! of chloralosed cats 
or rabbits. The activity is of the same kind as that of the externals in in¬ 
spiration. Adrian informs us that as a rule, however, only the intercostals 
of the front of the thorax contract regularly, farther back they maintain 
an even state of contraction or are relaxed. With ansesthetics other than 
chloralose the expiratory muscles are usually inactive, while in decere¬ 
brate animals, in which the effect of an ansesthetic is eliminated, these 
muscles are sometimes but not always active. 

It is evident from Adrian’s observations that, under certain con¬ 
ditions, the internal intercostals are active, and it might be expected that 
when this is so the effect would be shown in the form of the cycle. 

Our failure to observe evidence of this on the volume curve may be 
due to slight differences in the resistance of the air passages due, for 
example, to differences in the diameter of the tracheal cannulse employed 
in our own and in Adrian’s experiments. 

The fact that the activity observed by Adrian only occurs regularly 
under certain conditions, and even then does not appear to affect the 
intercostal muscles throughout suggests that in normal breathing these 
muscles may, by the maintenance of a constant tone, act as do the 
abdominal muscles merely as a part of the elastic recoil system. 

The main function of the abdominal muscles is to support the weight of 
the viscera. By their elastic recoil they assist expiration. The intercostal 
muscles have a similar function in supporting, by their tonic contraction, 
the intercostal spaces against the negative intra-thoracic pressure. It is 
possible therefore to regard the internal intercostals as having in normal 
breathing the same passive role as that of the abdominal muscles. 

This view seems to be supported by Sharpey-Schafer and 
Macdonald’s observations [1925] on a costo-sternal hoop formed of 
three ribs, with the nerves and blood vessels intact but with complete 
separation of their muscular attachments above and below. The thorax 
is open. When artificial respiration is stopped, rhythmic up-and-down 
movements (inspiratory and expiratory) of the ribs begin. 

They note that while the active contraction of the external intercostal 
muscles can be observed readily during inspiration no such active con- 
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traction of tlae intemal intercostals can be observed during expiration, 
except during tbe exaggerated movements of dyspnoea. They found, in 
fact, no evidence that tbe return of the ribs to their original position in 
normal breathing was not due to their elastic recoil from the condition 
of tension produced by the raising of the ribs in inspiration. Thus there 
does not seem to be any e^ddence that these muscles undergo relaxation 
of tonus reciprocal to contraction of the external intercostals, or that they 
show an increase in their tonic contraction which is effective in assisting 
expiration. 

The apparent difference between the cycle described byHammouda 
and Wilson [1932] in chloralosed and decerebrate animals and that 
iisuaEy seen in man, makes it necessary to consider to what this difference 
is due, and Avhether it implies a nervous reflex control different from, or 
additional to, that which they were able to demonstrate under the con¬ 
ditions of their experiments. 

In their observations the following factors were absent: (a) the 
frictional resistance of the upper air passages (normally increased at 
the larynx and nostrils in expiration) to the inflow or outflow of air; 
(6) the possible effect of reflex stimuli arising in the mucosa of that region; 
(c) the effect of influences arising in the nervous system above the mid- 
brain (reflex or cortical) which may be necessary in the adaptation of the 
breathing to changes of posture or active bodily movements. 

The observations recorded below have been designed to elucidate 
these questions, by determmhig (a) the form of the cycle in the same 
animal breathing through the normal channels (glottis, etc.) as compared 
with breathing through a tracheal cannula; (b) the effect of a resistance 
to the outlet or inlet of air; (c) the effect of an anaesthetic, and (d) the 
effect on the cycle or rhythm of breathing of any reflexes which might 
arise in the upper air passages. 

I. COMPABISOX OP THE CYCLE IX TEACHEAL AXD 
MASK BEEATHIXC. 

Method, Fig. 1 shows the apparatus devised for this purpose. 
Chloralosed or decerebrate dogs were used. The trachea was opened 
sufficiently and the two-way tracheal end of the cannula (S, Fig. 1) tied 
in. It will be seen that air can therefore pass directly to the upper air 
passages or, if the mask exit is blocked and the tracheal open, directly 
to tie tracheal. The rubber face-piece was modelled to fit tightly to the 
muzde of a dog of the size usually employed. The face-plate h and 
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attached face-piece is first fixed in position by two tapes, not shown in 
the diagram, attached to the sides of the mask and tied behind the head 
of the animal. In actual use the nose of the dog is much closer to the 
opening in the plate b than is shown, the dead space being then from 
20 to 30 c.c. The opening in the plates a and b is large enough to prevent 



Fig. 1. Apparatus for alternative tracheal and mask breathing. A, mask; a, detachable 
brass plate, carrying inlet and exit tubes, which can be clipped on to 6 to a flange on 
which the conical rubber face-piece c is attached; D, D\ inspiratory and expiratory 
rubber connections from mask to air switches; B, two-way cannula with T connection 
to E, E\ inspiratory and expiratory rubber connection from trachea to air switches; 
C, 0, air switches in situ. Inset, same shown in perspective. T, T, connection to in¬ 
spiratory and expiratory valves; T\ connection to mask; connection to trachea. 
In the diagram the switches are shown in position for mask breathing; in the drawing 
inset they are shown in position for tracheal, A catch is seen on the outer plate of the 
switch and two stops on the inner plate. The outer plate can be rotated and is arrested 
by one stop opposite by the other opposite T'. The tubes and connections are all 
of f in. diameter. 

pressure on the nostrils or tbeir surroundings. The plate 6 also carries a 
short metal tongue which is passed between the incisor teeth partly to 
steady the mask, partly to keep the jaws slightly open. Between the 
plates a and 6 is a rubber washer which makes the joint airtight. 

The tubes E and E' from the tracheal cannula, and the plate a of the 
mask, are attached when the preparations for the experiment are com- 
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plete. For observations where no great changes of pressure occurred the 
simple rubber face-piece gave quite satisfactory volume records. 

In the conduct of an experiment the air tubes of the air switches 

are held firmly in clamps placed on either side of the animal. To switch 
over from the mask or vice versa (Fig. 2), the observer, holding the tube T 
of each switch, one in the right the other in the left hand, rotates them 
rapidly in the correct direction at any desired moment in the cycle (by 
observation of the kymograph record or signal from a colleague). It will 
be seen from the figures that this can be done without any appreciable 
delay. Observations with this method have been made on the efiects of 
inflation and deflation of the lungs with tracheal and mask breathing, the 
tubes from the trachea and mask respectively being passed through the 
cover of the chamber described by Wilson and Hammouda [1928]. 
The results were identical whether the breathing was by the normal 
channels (mask) or by the tracheal outlet: indicating that the passage 
of air in either direction over the mucosa has no effect. 

Using the method described above the effect on the form of the 
cycle of switching over from tracheal breathing to breathing through 
the normal channels has been examined. Examples of the results are 
shown in the following figure (Fig. 2). 

From Fig. 2 it will be seen that the general form of the cycle is the 
same whether the air entry and exit is through the normal passages or by 
a tracheal opening. The measurements given below the figure show, how¬ 
ever, certain quite distinct differences in the phases. The duration of the 
whole cycle (rate of breathing) is little affected. In tracheal as com¬ 
pared to mask breathing the depth of inspiration is greater, its duration 
in some cases slightly less. The first phase of expiration (&, c) is slightly 
shortened, the expiratory pause is of longer duration. The line of ex¬ 
piration (phase 1) is less oblique and less curved. 

It will be shown later that these differences are explained by a slightly 
greater frictional resistance to the air passing through the upper air pas¬ 
sages in both inspiration and expiration. The resistance offered by the 
upper air passages is evidently very small in animals under the conditions 
described, and in these observations appears to be greater in the in¬ 
spiratory than the expiratory phase. It is evident from Fig. 2 B that the 
cycle after vagotomy is the same whether the breathing tabes the ordinary 
channels or is through the tracheal outlet; the only difference between 
the two curves (if and T) being a slightly greater obliquity and rounding 
of the first phase of expiration in the mask breathing as compared to the 
tracheal. 
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In Fig. 2 C a similar observation is shown made on a dog under 
cliloralose, the breathing being switched over from tracheal to mask. The 
whole cycle was slightly shorter and the depth of inspiration was greater 
in proportion to the duration than in Fig. 2 A. 



Fig. 2. Comparison of cycle in tracheal and mask breathing. A. Dog. 5 kg. Morphine, 
0-1 c.c. of 5 p.c. sol. per kg. C. and E. Decerebration immediately in front of ant. 
colliculi 3 hours before time of observation. A before, B after, section of cervical vagi. 
J/, breathing through normal passages (mask); T, through tracheal cannula; arrow 
shows moment of change-over from 3/ to T. Means of cycles before and after switching 
over. Rate of breathing: 19-5 per min. in both M and T, Duration of inspiration: 
J/, 0*75; T, 0*67 sec. Duration of expiration: 1st phase, M, 0-9, T, 0*8 sec.; pause, 

1- 46; 1*64 sec. a, 5, inspiration; 6, c, expiration, 1st phase; c, d, pause; a', b\ c\ d\ 
same for tracheal breathing. B. After section of vagi in neck. Rate of breathing: 
7*7 per min. G. Dog. 5 kg. Morphine and C. and E. as above. Chloralose 0*07g. per 
kg. T, tracheal breathing; M, mask breathing; arrow shows moment of change-over. 
Rate of breathing: T, 21; 31, 19^ per min. Duration of expiration: T, 2*05; 3f, 

2- 3 sec. Duration of inspiration the same in r and 3f. D. Dog. Chloralose. Abnormal 
type of cycle resembling that sometimes described as normal for man. Rate of 
breathing i T,'21; M, 20 per min. Duration of expiration: T, 1-74; 31,1-87 sec. In ail 
records read left to right; inspiration down, expiration up. 


In tbis case, altbougb tbe duiation of inspiration was little affected 
by tbe change, tbe depth was definitely diminished in mask breathing 
as compared to tracheal. The expiratory phase shows a similar but more 
marked change than in Fig, 2 A. The pause being almost abolished. 
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In Fig* 3 tlie expiratory phase of typical examples of cycles of mask 
and tracheal breathing respectively in the two cases have been brought 
to the same duration and volume scale. 

In the curves in Fig. 3, a is that of the expiratory cycle in tracheal 
breathing, b that in breathing through the normal channels. 

The curves may be compared with those given later, in which an 
artificial resistance has been introduced in the exit of air with tracheal 
breathing. 

The observation recorded in Fig. 2 D is from a chloralosed dog. The 
cycle closely resembles in type that described by Schafer [1932] as 
being a common normal type in man (vide that author’s Fig. 2). We have 



Fig. 3* Form of the expiratory phase in tracheal and mask breathing, (1) Expiratory 
phase of cycles in Fig. 2 A. a, tracheal breathing; d, mask breathing. (2) The same 
for two cycles of Fig. 2 C. (1) is from a decerebrate, (2) from a chloralosed animal. The 
depth and duration have been brought to the same level in each ease. 


occasionally, though rarely, met with this form in animals under chlora- 
lose, but in our experience it is never seen after decerebration. It will be 
observed that there is no change in the form of the cycle on switching 
over from tracheal to mask breathing. There is no significant alteration 
either in the depth of inspiration or the duration of either phase. It is 
evident that the absence of the pause, and the regular and continuous 
rise in the Hne of expiration, are in no way connected with the efiects of 
frictional resistance or reflex influences arising in the upper air passages, 
and it seems unlikely that the resistance of the bronchi could explain the 
form. The fact that the line of expiration closely resembles that of in¬ 
spiration suggests that an active element exists in expiration in this type 
of cycle which is absent in that commonly seen. This type of cycle is the 
same as that described by Gad as occurring in the conscious rabbit 
breathing through a mask, before the animal has become quiescent after 
the first emotional disturbance. It also resembles the cycle of panting 
(except in rate) which one of us [Hammouda, 1933] has shown to be 
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related to tke action of a centre situated in the tkalamic region. In tke 
emotional type of cycle described by Gad and in panting botk expiration 
and inspiration are active processes. 

That the subject whose respiratory cycle is recorded in Schafer’s 
figure referred to above was conscious of his breathing and that the 
rhythm therefore cannot be regarded as normal is suggested by the vary¬ 
ing depth of inspiration and particularly by the irregularity in the point 
reached in expiration, the base line of expiration being normally a straight 
line unless affected by postural changes. 

II, Effect of eesistance to the entry or exit of air on the form 

OF THE EXPIRATORY AND INSPIRATORY PHASES RESPECTIVELY. 

From the observations recorded in Fig. 2 A, C, it is evident that 
certain changes take place in the duration and form of the phases which 
may probably be explained by a greater frictional resistance to the 
passage of air through the upper air passages as compared to the tracheal 
outlet. The following observations are designed to show the effect of 
resistances of known amount introduced into the expiratory or in¬ 
spiratory air way to a tracheal cannula. 

Method, A cannula is tied into the trachea and to this is attached a 
T tube, one branch of which goes to the expiratory the other to an in¬ 
spiratory valve. Between the cannula and the valves a connection is 
made with a mercurial manometer which thus registers the resistance 
against which the animal is inspiring or expiring. The valves are con¬ 
nected in the usual way with a 10-litre bottle and a bellows volume 
recorder. The rubber tube connecting either the inlet or exit valve with 
the air reservoir (whichever phase it is desired to study) is passed under 
a clamp, by depressing the handle of which the tube is compressed. 
An adjustable stop is provided by which the descent of the clamp can be 
arrested at any point. The passage of air can thus be obstructed to any 
desired extent. The exit or inlet tube having been placed in position, a few 
normal cycles are recorded, and the clamp is then closed at any suitable 
point in the cycle. 

1. Effects of resistance to inspiration. 

In Fig. 4 the effects of four different degrees of resistance are shown 
before and after section of the vagi. The curves in the different cases have 
been analysed and are represented in a semi-diagrammatic form in the 
two graphs (III, IV) below the records. 
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Fig. 4. Effect of resistance to inspiration on the cycle. Dog. 5 kg. Morphine, C. and E. 
and chloralose. I. Vagi intact. Resistance: Graph (1) - 4 mm.; (2) - 6 mm.; 
(3) - 8 mm.; (4) - 11. II. Vagi cut. Resistance: Graph (1) - 4mm.; (2) - 6 mm.; 
(3) - 12 mm.; (4) - lo mm. In ail graphs read left to right; inspiration do^m, expira¬ 
tion up. Downward an’ow shows point at which tube to inspiratory valve was clamped. 
Upward arrow shows release of clamp. The cycles affected are shovm on the mano¬ 
meter record by fall of pressure. Upper tracing, volume record; lower, Hg manometer. 
IIX. Semi-diagrammatic representation of the inspiratory phase in the four cases 
before vagotomy. IV. The same after vagotomy. Jii III, graph (2) represents the 
pressure change during inspiration in graph I (4). 

Vagi intact (I, III) 



A. 

B. 

C. 

D. 

E. 

p 

0 

- 4 

~ 6 

- 8 

- 11 

T 

0-8 

1 

Mo 

1-25 

1-45 

V 

73 

53 

46 

40 

27 



Vagi cut (II, IV) 
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P= resistance to inspiration in mm. Hg; T— duration of inspiration in sec.; F= depth 
of inspiration in o.c. 
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The manometer record of E only is shown in graph III, the pressure 
changes in the other cases being similar but of lesser extent. 

An inspection of the results illustrated in Fig. 4 shows the following 
effects of resistance to inspiration in animals under the conditions of the 
experiments: (a) the rate of breathing (total duration of cycle) is un¬ 
affected; (b) the depth of inspiration is diminished in proportion to the 
resistance; (c) the.duration of inspiration is increased; (d) the pressure 
curve (with constant resistance) shows at first a rapid, followed by a 
slower but continuous increase in negative pressure indicating a gradual 
increase in the force of the inspiratory muscular contraction which, in 
view of the progressively increasing resistance to expansion in inspiration 
under all circumstances, evidently represents the normal course of action 
of these muscles. 

After section of the vagi (IV) the results are the same with one excep¬ 
tion, namely that the duration of the inspiratory phase is identical in all 
four cases, which would indeed be expected if it be remembered that the 
duration of this phase after vagotomy represents the duration of the 
discharge from the respiratory centre unaffected by reflex influences 
reaching it from the lungs. 

A further point of interest appears from a comparison of the relative 
effect of resistance to the inspiratory phase before and after vagotomy. 
Hammouda and Wilson [1932] drew attention to the fact that the 
depth reached in a given time in the inspiratory phase after vagotomy 
is the same as in the normal cycle before vagotomy, although in the 
former owing to the absence of the inhibitory reflex excited by expansion 
the discharge from the centre (and inspiration) continues for the full 
period. This observation is confirmed by the results shown in Fig. 4. If 
curves A, B and C be compared in graphs III and IV of that figure, A being 
the inspiratory phase without resistance, B in the two cases with — 4 and 
C with — 6 mm. respectively, the depth reached in the same lapse of time, 
namely 0*8, 1*0 and 1*15 sec., is almost exactly equal. 

These results support the view we expressed that, while the whole 
central mechanism is under the influence of the chemical stimulus, the 
rate of the rhythm and the duration of the discharge are controlled by 
stimuli arising in the lungs, but the force of the discharge and so the 
strength of the contraction of the inspiratory muscles is not under this 
reflex control but is dependent on the state of chemical excitability of 
the centre. 


18—2 
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2. The effect of resistance to exfiration. 

In the observations illustrated in Fig. 5 the effect of three different 
degrees of obstruction to the outlet is shown (I (1), (2), (3)). In 



Fig, 5. Effect on tte cycle of resistance to expiration. Dog. 4 kg. (same animal as in 
Fig. 6) after cMoraiose, 0*07 g. per kg. I. Record of results. Initial resistance: 
Graph (1), 2*3 mm. Hg; (2) 4 mm. Hg; (3) 6*4 mm. Hg. a, volume record; h, Hg 
manometer record. Downward arrow shows point at which rubber coimection to 
expiratory valve was compressed. Upward arrow shows release of clamp. II. Semi- 

diagrammatic representation of cycles in the three cases. Broken line.^ 

inspiration; full line-, expiration. E, F, base line of expiration; P, base line 

of manometric pressure. A, normal expiratory phase without resistance (graph 1); 
B, expiratory phase with resistance = 2*5 mm. (graph 2); 6', expiratory phase with 
resistance = 4 mm.; D, expiratory phase with resistance = 6*4 mm. A\ B\ D' = 
termination of expiratory phase. The curves have been plotted from tracings and 
measurements. The duration of the normal cycles in the three cases was not identical 
for comparison; the duration of the cycles shown diagrammaticaliy has been reduced 
to the level of the normal cycle in graph (2). Duration of inspiration*. 1 sec.; depth, 
83c.c. Duration of expiratory phase: A 6*2 sec., B 7*2 sec., C 8*1 see., D 10*2 sec. 
Sustained inflation in excess of normal in B 0 c.c., G 8 c.c., D 20 c.c., measured from 
the base line of expiration B, E, 


graph. II (l)j (2), the expiratory phase of the records is presented in a 
semi-diagrammatic form. The changes in the expiratory phase due to the 
resistance to the issue of air are well seen in graph II m which the normal 
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cycle and the three subjected to resistance are compared. The changes 
are as follows : {a) the duration of the whole cycle is increased (slower 
rhythm) owing to the increased length of the expiratory phase ; (6) the 
pause is abolished, being replaced by a gradually rising line the curvature 
of which diminishes as the resistance increases; (c) the base line of ex¬ 
piration is lowered in the direction of inflation. 

The results confirm our previous observation that a lowering of the 
base line of expiration [Hammouda and Wilson, 1932, Figs. 6,7] by 
a slight resistance, external to the thorax, resisting collapse, is accom¬ 
panied by a slowing of the rhythm depending on the degree to which 
collapse is prevented. The fact that no change in the form of the ex¬ 
piratory phase, the pause remaining, is to be seen in those records is due 
to the air outlet being unobstructed (the resistance was external to the 
thorax). 

The explanation of the slowing is evidently that the sustained slight 
relative inflation by its tonic inhibitory effect diminishes the rate of dis¬ 
charge from that part of the central mechanism controlling the rhythm. 

The intra-pulmonary pressure curve (Fig. 5 II (2)) is at its highest at 
the commencement when the forces of elastic recoil are at their maximum, 
the pressure gradually falling to the base line or until the next inspiration 
begins, a result which would be expected if the discharge of air were due 
simply to passive elastic contraction. There is no evidence here of an active 
muscular element in expiration such as is seen in the pressure curve of 
inspiration shown in Fig. 4 III (2). The form of the expiratory phase 
resulting from resistance to the outlet will be compared with this phase 
in certain human and other respiratory cycles. 

Davies, Haldane and Priestley [1919] described the effects on 
breathing in man of resistance to inspiration and expiration (an obstruc¬ 
tion being placed in both inlet and outlet). Owing to the type of spiro¬ 
meter used in their experiments, in which expiration is not recorded, the 
form of this phase of the cycle is not shown and it is impossible to say 
whether or not the base hue of expiration is lowered by sustained in¬ 
flation. They demonstrate a well-marked slowing of the rhythm due 
mainly to increase in the duration of expiration, with some increase in 
the duration of inspiration. This is in agreement with the observations 
recorded in this paper. Our observations, however, show both in 
anaesthetized and decerebrate animals, in which the effect of an anesthetic 
is eliminated and the automatic centres may therefore be regarded as 
showing their normal reactions, an immediate decrease ia depth of in¬ 
spiration proportionate to the increase of resistance. Davies, Haldane 
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and Priestley find, on tlie other hand, an immediate and very marked 
increase in the depth of breathing, for example, in their Fig. 4 in the 
cycle immediately following introduction of a considerable resistance 
inspiration is doubled in depth, which they ascribe to an increase in the 
chemical stimulus. With a similar pressure in our experiments on animals, 
in which the influence of centres above the level of the mid-hrain is 
absent, the depth would have been decreased by more than half. 



Fig. 6. Effect of ansestiiesia on tlie cycle. Dog. 4 kg. Morplime, C. and E. No operative 
interference. Breatliing throngh mask. Inspiratory and expiratory valves to 10-litre 
air reservoir. Bellows volume record. A. Fully under anaesthetic. B. Light. G, Effect 
of anaesthetic passing off. Rate of breathing: A 14, B 13*7, C 13 per min. Duration 
of cycle: A 4*3 sec., B 4-4 sec., C 4*7 sec. Duration of inspiration: A 1*15 sec., 
B 1*15 sec., C 1*15 sec. Duration of expiration: A 3*15 sec., B 3*25 sec., C 3*55 sec. 


3. Effe(^ of anoestketics on the cycle. 

In view of the fact that in man during sleep the expiratory phase of 
the cycle has been described as showing the pause, it appeared to he of 
interest to record the cycle of a dog breathing through a mask during 
recovery from anaesthesia. The anaesthetic used was c.e. No operative 
procedure had been carried out. 

Fig. 6 shows the form of the cycle in a dog under different degrees of 
anaesthesia. In C when the animal was recovering from the effect of the 
anaesthetic but was stfll quiescent, the form of the cycle resembles closely 
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tliat commonty seen in man. The pause has disappeared and the record 
of the expiratory phase shows a characteristically curved line which will 
be shown later to correspond to an increased resistance to the outlet. The 
slight slowing of the rhythm is dependent on the lengthening of this phase 
and is evidently the reflex effect of the more sustained inflation. That 
there is no increase in the resistance to inspiration is suggested by the 
fact that the duration of this phase is the same in the three cases, and 
that the depth is not diminished but slightly increased in C. 



Fig. 7. Human respiratory cycles. A. Subject G.Y.A. Stethograpb record. Rate of 
breathing: 8*5 per min. Duration of inspiration: 1-5 sec. Duration of expiration: 
5*5 sec. Ratio inspiration/expiration 1: 3*6. B. Subject M.A.K.. Stethograpb. 
Thorax. Rate of breathing: 6 per min. Duration of inspiration: 2-8 sec. Duration 
of expiration: 7*2 sec. Ratio 1: 3. G. Same subject. Stethograpb. Thorax. Rate of 
breathing: 6 per min. Ratio 1:3. D. Same subject. Abdominal record. Stethograpb. 
Rate of breathing: 4 per min. Ratio 1:3. Both subjects were adult men: awake, in 
an easy sitting posture. Read right to left in all curves; inspiration down, expira¬ 
tion up. 

4. Examfhs of human cycles. 

Fig. 7 shows stethograpb records from two adult male subjects, awake 
but quiescent. In A, B and C the stethograpb was on the thorax. D is 
from the same subject as B and C, the record being in this case of the 
abdominal movements. 

The breathing is slow in both subjects, in particular in K. on the 
occasion on which record C was taken. The cycle in A shows an expiratory 
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form not unusual in man (compare lx. Schafer, Fig. 1), In both B, C 
and D a definite pause is seen, especially pronounced in C and D. 

In of the apparent difference in the form of the expiratory phase 
of human and other cycles in which the depth and rate of breathing vary, 
it appeared to be of interest to compare the expiratory phases in certain 
of the cycles iHustrated or referred to in this paper by reducing them all 
to the same level of volume and duration and plotting the results in the 
form of curves. 



Fig. 8. Semi-diagrammatic representation of the expiratory phase of various cycles. 
A. i^'ormal cycle. (Bog under chloralose. Fig. o.) a, 6, 1st phase of expiration; 5, c, 
pause, Botted Ime shows the form of curve a,h M extended for duration a, c. Eate 
of breathing: 84 per min. B. Cycle from same figure (5) with resistance to expiration 
of 2-5 mm. Hg. Rate of hreathing: 6| per min. G. Cycle from Fig. 6 C. This is from 
the same animal as A and B before injection of chloralose or any operative procedure. 
The dog was recovering from C. and E. aneesthesia. Rate of hreathing: 13 per min. 
D, Human cycle (Fig. 7 A). Rate of breathing: 8-J per mm. E. Human cycle (from 
SehafeFs Fig. 1, 2nd cycle, 1932). Rate of breathing: 9 per mhi. P. Human cycle 
(from Barcroft and Margaria, Fig. i, VI, 1931). Rate of breathing: 21 per min. 

5, Comfarison of the expiratory phase of various cycles. 

This has been done and the resulting curves are shown in Fig. 8, 
A, B, C and D being from examples of respiratory cycles figured by us; 
E and F from cycles described by other observers. 

Graph A represents the expiratory phase seen in Fig. 5 without any 
obstruction to the outlet with tracheal breathing; the only frictional 
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resistance to the exit of air from the lungs being that of the bronchioles 
and bronchi. The short first phase a-b and the prolonged pause b-c may 
be compared with that seen in the example we have given elsewhere 
[Hammonda and Wilson, 1932, Fig. 1, p. 84] of the normal cycle in 
the anaesthetized or decerebrate dog. The dotted line represents the portion 
a-b, extended to the sanae duration as in the other diagrams. It represents 
the progress of the discharge of air from the lungs by the various forces 
which bring this about. 

Graph B represents the expiratory phase in a cycle from the same 
record as A but with a slight added obstruction to the tracheal outlet 
(Fig. 4 II, and graph C). It seems clear from a consideration of these 
curves that whether or not a pause occurs is dependent solely on the 
freedom or the reverse of the exit of air. This particular example is 
selected as the added resistance which abolished the pause and gave rise 
to this curve was sufiScient to produce an initial efiective pressure of 
2*5 mm. Hg, which is about the same as the expiratory pressure in the 
human air passages in quiet breathing, namely 2-3 mm. [Starling, 
1926]. 

Graph C is the expiratory curve from one of the cycles of a dog re¬ 
covering from anesthesia shown in Fig. 6 G. This was the same animal 
as A-B before administration of chloralose. The expiratory phase in A 
of Fig. 6 shows a well-marked pause, and if treated as the cycle in 0 has 
been would give a curve exactly similar to that shown in graph A of 
Fig. 8. This suggests that as consciousness is recovered the normal re¬ 
sistance of the upper air passages, due largely to the narrowing of the 
glottis in expiration, returns. This probably also explains the fact that, 
while in sleep in the human subject a pause in the expiratory phase is 
seen, this is not usually the case m the waking state. 

Graph D is from the record A shown in Fig. 7, the breathing of a 
human subject sitting in a restful attitude. 

Graph E represents the expiratory phase of a respiratory cycle of the 
subject whose breathing is recorded by Schafer [1932, Fig. 1], 

Graph F represents similarly the expiratory phase of one of the 
cycles (2) in record VI of Fig. 1 of the paper by Bar croft and Margaria 
[1931] referred to above. This example is selected partly as it is a record 
of the volume expired into a spirometer and not a stethograph record of 
the thoracic movements as are D and E, and partly because the rate of 
breathing was considerably quicker (excess COg in air), namely 21 per 
min., than in D or E, the other two human cycles, in which the rates were 
respectively about 8 in D and 9 in E. 
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The close resemblance of all these curves, in particular B and C (from 
the same animal) and D, suggests that the controlling factor upon which 
the shape of the curves and the absence of a pause depend is the same as 
in B, namely a slight peripheral resistance to the exit of air; as pointed 
out above this need not exceed the normal human expiratory pressure. 

The form of the curves, and the fact as pointed out in discussing 
Fig. 4, that during expiration against a resistance the intra-tracheal 
pressure falls gradually from the commencement until the end of ex¬ 
piration, is entirely in keeping with what would be expected if the force 
by which air is expelled from the lungs were the recoil of an elastic system 
beginning at a maximum and progressively diminisbing. 

The observations do not give any support to the view that normal 
expiration is in part brought about by a muscular contraction specifically 
directed towards that end, in any way comparable to the active function 
of inspiration. 

III. Stimuli arising in the upper air passages. 

It seemed possible that the form of the cycle might be influenced by 
reflexes arising in the glottis or other parts of the upper air passages from 
the movement of air over the surface or other stimuli. We propose to 
give here a brief account of some observations we have made on this 
subject. 

Method. The trachea (dog) was opened low down in the neck and a 
bent glass cannula was tied in. This was connected in the usual way with 
valves and other apparatus for obtaining a T'olume record of the breathing. 
Into the upper end of the trachea a similar cannula was tied at about 
2 cm. from the glottis. It wiU be seen that the upper air passages and the 
lungs are entirely disconnected, and therefore that any changes in the 
breathing which may accompany alterations in the condition of the upper 
air passages must be of reflex origin. A mask was in some observations 
attached, in others cannula were introduced into the nostrils. A current 
of air or other gas can be blown through from the upper tracheal cannula 
producing an air current in the direction of expiration, or by sucking air 
from the cannula in the direction of inspiration. 

Ivo change in the form of the cycle was observed as the result of any 
of the procedures tried, with the exception of a decrease in depth of in¬ 
spiration which will be referred to below. Currents, whether of air, 
oxygen or COg, in either direction produced no change in the breathing 
provided there was no change of pressure. 
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Marked slowing of the rh}d}hm accompanied by a decrease in depth 
of inspiration were, however, observed accompanying pressure changes in 
the air passing through the upper air passages. 

An example of this is shown in Fig. 9. 

It will be observed that a slight positive pressure (4 mm. Hg) affectiag 
about 2 cm. of the upper end of the trachea, the glottis and the parts 



Fig. 9. Effect of pressure changes in the upper air passages. Dog. 5 kg. Decerebrate 
(after morphia and C. and E.). A. Positive pressure of 4 mm. Normal rate, 15*3; 
wuth pressure, 12 per min. Mean increase in duration of cycle with pressure, l*lo sec. 
(32 p.c. increase). B. Positive pressure of 10 mm. C. Negative pressure of --14 mm. 
Normal rate, 18; with pressure, 16 per min. Increased duration of cycle, 0*4 sec. 
(11*8 p.c.). D. Pressm'e of 4 mm. Hg after vagotomy. All curves read left to right. 
Upper line, volume record; lower line, manometer. Inspiration, down. 

above it is sufficient to produce a very marked slowung of the rhythm, the 
depth of inspiration being decreased from about 60 to 45 c.c. without, 
however, any significant increase in duration, the slowing being due to 
the increase in the duration of the expiratory pause. With a higher pres¬ 
sure (graph B) a complete inhibition of the rhythm is produced which 
continues for 8 sec. after the pressure has been released. Graph C shows 
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the effect of a negative pressure. It will be seen that while a definite 
slowing is produced, the effect, in view of the higher pressure, is much 
less marked than with a positive pressure. 

It will be observed from graph D that a small positive pressure in¬ 
hibits the rh}fi;hm after section of the vagi and that as in A before section 
this continues for some seconds after the pressure has fallen. 

Attention is drawn to the fact that the pressure stimulus required to 
produce cessation of the rh}fi)hm is considerably less than that required 
before section, this may be attributed to the fact that section of the vagi 
lowers the excitability of the centre owing to the absence of the tonic 
impulses from the lungs which normally augment the responsiveness of 
that part of the centre controlling the rhjrthm. If our view be correct it 
is evident that a smaller stimulus wfill be required to inhibit the activity 
of this part of the centre after than before section of the vagi. 

The application of a strong solution of cocaine to the upper end of 
the trachea, the glottis and the mucous membrane immediately above it 
abolishes these phenomena; it seems therefore probable that the effects 
are due to the stimulation of the sensory endings of the superior lar 3 rngeal 
nerves in the mucosa or the immediately subjacent tissues. That this is 
so is probable if it be remembered that Rosenthal [1862] showed that 
slowing or cessation of the breathing was the constant effect of exciting 
this nerve. We have not yet obtained experimental evidence as to whether 
any reflex effects on the breathing occur arising in the upper aic passages 
after section of the superior laryngeal or glossopharyngeal nerves. We 
cannot therefore at present state precisely the area from which these 
stimuli arise. 

The reflex slowing described as the result of pressure change in the 
upper air passages may in part account for the very marked decrease in 
the rate of breathing recorded by Haldane and his co-workers, referred 
to above, in the human subject; it cannot, however, explain the slowing 
obtained from resistance to expiration illustrated in Fig. 5 of this paper, 
but may account for the slowing seen in some cases of mask breathing in 
the dog, and that seen in Fig. 6. 

The similarity of the phenomena described above to the effects of 
expansion of the limgs suggests that they form a part of the same 
reflex function, and that while the origin of the former is probably 
in the terminations of the superior laryngeal in the mucosa of the 
larynx and upper third of the trachea, that of the latter may be in 
the terminations of the pulmonary vagi in the mucosa of the bronchi 
and bronchioles. 
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Fo stimuli to tlie upper air passages wMch we have yet employed 
have produced the characteristic acceleration of the rhythm which 
accompanies deflation of the lungs. 

Discussion. 

Our former investigations on the effects of inflation and deflation of 
the lungs demonstrated that two influences reached the centre from the 
lungs; the one inhibitory of inspiration, the other augmentor of the rate 
of the rhythm. In that investigation no evidence was found of any reflex 
controlling expiration or the form of that phase of the cycle, with the 
exception of the slowly developing increase in the tonus of the expiratory 
muscles resulting from sustained and considerable expansion of the lungs, 
which might even develop into a reversal of the normal process, expira¬ 
tion becoming the active, inspiration the passive phase. The reflex pro¬ 
duction of an increased expiratory tonus has no counterpart in the normal 
cycle even in the slow rhythm of slight inflation. It is shown after 
vagotomy, and appears to correspond to the reflex effects described by 
Fleisch which he regards as evidence of the proprioceptive reflexes 
arising in the muscles of inspiration and reacting on the expiratory phase. 
That proprioceptive reflex effects arise as in other skeletal muscles is 
probable. As pointed out in the introduction to this paper the abdominal 
muscles do not show any evidence of their presence, and the form of the 
expiratory phase with tracheal breathing in the decerebrate animal, even 
in hyperpnoea, indicates either that these reflexes have little influence on 
the expulsion of air from the lungs or that the changes of tone in the 
internal intercostals are counterbalanced by corresponding changes in 
the opposite direction in the external intercostals. 

The observations recorded in this paper appear to explain the dif¬ 
ference in the form of the expiratory cycle observed in dogs with tracheal 
breathing, and sometimes in man, and the common human type. 

It is, however, evident that something more is required to explain the 
fact that with very varying rate of breathing in the conscious human 
subject and probably in animals in ordinary conditions of active life, the 
diminishing volume of the lungs reaches the base line of expiration im¬ 
mediately before inspiration begins without any intervening pause. 

This is well seen in Barcroft and Margaria’s figures [1931] of 
breathing accelerated by either excess of COg or by effort. In the de¬ 
cerebrate dog the only marked change under similar conditions (COg) is 
a progressive shortening of the pause, the duration of the inspiratory 
phase and the first phase of expiration undergoing little change whatever 
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tlie depth. In Margaria and Barer of t’s observations, while there is 
slight diminution in the duration of inspiration, the shortening of the 
cycle with increased rate is mainly at the expense of the expiratory phase. 

Our observations provide no evidence that the rate of discharge of air 
from the lungs is regulated by any action of the expiratory muscles . 
Were this so its eSect should be seen in the cycle of breathing in de¬ 
cerebrate animals in which such reflexes as may occur would not be 
suppressed by the action of ansesthetics. The evidence is, m fact, entirely 
in favour of the control of expiration being effected by a mechanism 
regulating the frictional resistance at the exit. The increase in the dead 
space in dyspnceic conditions suggests that there is some reflex relaxation 
of the bronchioles in rapid or deep breathing in addition to the automatic 
dilatation of the air passages facilitating both ingress and egress of air 
which accompanies any increase in the volume of the lungs. The slight 
change in the duration of either the inspiratory or expiratory phase 
which occurs in dyspnoea in the tracheal cycle of decerebrate animals 
excludes the possibility of the regulating mechanism acting within the 
lungs. The regulation of the rate of discharge of air must therefore be 
through the accessory muscles of respiration in the upper air passages. 
The exact adjustment of the aperture of the glottis and the external nares 
to the depth and rate of inspiration is well known, in some animals such 
as the horse this reflex is essential to the proper adjustment of respiration 
in muscular exertion; even in man, where mouth breathing is normal 
under such conditions, it is of some importance. 

The usual form of the expiratory phase of the respiratory cycle in man 
implies that this reflex control extends also to the aperture of the outlet 
during expiration, the diminished frictional resistance with deep breathing 
cannot be regarded as merely the passive effect of the expansion during 
inspiration. The extent of this regulation of the exit and how it is effected 
is mot so e^ddent. 

Hess [1930], from observations of the position of the dome of the 
diaphragm with the open thorax, has observed changes in the tone of that 
muscle inereasing progressively with decreasing volume of the lungs. 
He regards these effects of collapse of the lungs and thoracic walls as 
regulatory of the process of expiration. He states also that reflex effects 
similar to those produced by inflation and deflation of the lungs can be 
elicited by passive movements of the thoracic walls without change in 
the lung volume, suggesting that the nervous control of the breathing is 
not entirely dependent on impulses received by the centre through the 
pulmonary vagi. Creed and Hertz [1933] have recently produced evi- 
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deuce wMcli they believe confirms the results of He ring and Brener 
and Head, using the latter author's method of the diaphragmatic slip, 
in rabbits, that contraction of the diaphragm is the normal response to 
deflation. We have never observed any indication of such a reaction to 
deflation of the lungs on the volume record with the intact thorax. The 
conditions, which we are at present investigating, under which such tonic 
contractions of the diaphragm occur appear to be rather complex. A study 
of Creed and Hertz’s figures indicates, as was originally pointed out by 
Schenk [1903], that this response to deflation does not occur unless the 
collapse of the lungs is sudden and complete; there does not seem to be, 
as suggested by Hess, an increase of tone increasing progressively with 
the diminution in the lung volume. 

The regulation of the frictional resistance to the outflow of air through 
the glottis and external nares might be effected either by a control of the 
rate of relaxation of the abductor muscles (and dilator of nares) or of the 
contraction of the adductors. The sustained dilatation of the nares in 
hyperpnoea, in animals in which this function is important, suggests that 
the former is the more probable. This reflex control of the resistance in 
the upper air passages to the inlet and outlet of air seems to be absent in 
anaesthetized and decerebrate animals, suggesting that it is related to the 
activity of centres above the level of the mid-brain. 

We hope by a modification of the method described for examining 
the reflex influence of stimuh arising in the upper air passages to further 
investigate this question. 

Summary. 

1. The presence of the upper air passages in ansesthetized or de¬ 
cerebrate animals diminishes the depth of inspiration and prolongs the 
first phase of expiration, as compared to tracheal breathing. 

2. Resistance to inspiration is shown to cause a decrease in depth and 
an increase in the duration of the inspiratory phase of the cycle. 

3. The expiratory pause is shown to occur in the normal human cycle 
under certain conditions. 

4. Resistance to expiration about equal to that normally seen in the 
air passages during that act abolishes the expiratory pause, the presence 
or absence of which is therefore dependent on the extent of the frictional 
resistance to the exit of air offered by the upper air passages. 

5. The form of the expiratory phase of the respiratory cycle usually 
seen in man is shown, by comparison with the effects of air resistance to 
the air exit in tracheal breathing in animals, to be due to the resistance 
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to tlie exit of air througli tlie upper air passages whicli mast vary with, the 
depth and rate of breathing and is, it is suggested, under some reflex 
nervous control. 

6. A method is described for the investigation of the reflex effect of 
stimuli arising in the upper air passages. A reflex to positive pressures 
is shown to occur which is similar to that produced by expansion of the 
lungs. 
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THE SUBMAXIMAL RESPONSES OF THE 
SINGLE MUSCLE FIBRE. 


By SAMUEL GELFANL 
{From the Physiological Laboratory, Cambridge.) 

{Received August 20, 1933.) 

It lias been shown by the writer [Gelfan, 1930, 1931], and also by 
Pratt [1930], that in the normal skeletal muscle stimulation of single 
fibres with micro-electrodes gives rise to submaximal contractions, graded 
according to the strength of the stimulus. The same results were obtained 
by Brown and Sichel [1930], and Asmussen [1932] on single fibres 
that had been dissected out. The following experiments were undertaken 
in order to determine whether these submaximal contractions differed in 
any way in their mechanical response from the maximal, aU-or-none 
twitch, which results from stimulation with electrodes of larger area. It 
has already been shown by Gelfan and Bishop [1932] that the sub¬ 
maximal responses do not have action potentials, whereas in the identical 
fibre a characteristic diphasic action potential is obtained when it is 
stimulated to contract maximally. This is in harmony with the obser¬ 
vations of Gelfan and Gerard [1930], and Hashida [1931] that the 
graded responses are not propagated throughout the length of the single 
fibre, and that the progressive spread of the localized response, as the 
strength of the stimulus is increased, is continuous only to a limited 
extent, after which the maximally conducted response is evoked. The 
maximal response is always accompanied by an action potential, whereas 
the graded submaximal contractions are not. These observations indicate 
not only that action potential and contraction are not inseparable, but 
that in any single striated fibre the former is of the explosive ail-or-none 
type of mechanism whereas the latter is not. It has therefore been sug¬ 
gested by the author [1931], that when the muscle fibre responds maxi¬ 
mally, whether it is stimulated indirectly or directly (electrically), it does 
so by virtue of the operation of the action potential mechanism, 
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That the contractile mechanism might be directly stimulated without 
at the same time initiating the '^excitatory change” was already recog- 
iiized by Lucas [1907, p. 273], He considered this possibility when he 
found that the local cathodic contraction, in contrast to the propagated 
response, was independent of the current gradient. Contractures also do 
not have wave-like action potentials [Gasser, 1930; Bremer, 1932]. 
The submaximal contractions as obtained by microstimulation might of 
course also be considered as of the nature of a contracture or local cathodic 
contraction. The latter, however, are characterized by the fact that 
they persist as long as the stimulating current is flowing. In the experi¬ 
ments here reported, therefore, records were obtained of the contraction 
curves of the submaximal and maximal responses of single fibres in order 
to compare their time relations, the stimuli being either induction shocks 
or constant currents of long duration. 


Method. 

The frog’s {Rana te^nporaria) excised sartorius was used for all of the 
experiments here reported, prepared with a sufficient amount of tissue 
from the opposite leg, by means of which it could be suitably pinned on 
the glass slide provided with a piece of cork cemented to it. The tendon at 
the tibial end was tied with a thread which supported a small weight. The 
preparation under the microscope could be satisfactorily viewed by trans¬ 
mitted light, and any single fibre on the surface of the muscle could be 
clearly made out. The muscle was surrounded with cotton wool soaked 
with Ringer’s solution, and was frequently irrigated with fresh solution. 

The electrodes used were similar to those previously used by the 
author. Either platinum wire drawn out inside quartz capillaries to a 
few jU in diameter, or quartz capillaries of the same dimensions filled with 
frog’s Ringer solution were used. The latter type, before filling with the 
Ringer’s solution, are cemented into glass tubes of suitable dimensions. 
The glass tubing is then filled with Ringer’s fluid and the latter is forced 
into the capillary to the very tip by means of pressure. An Ag-AgCl coil 
is then placed into the glass tube. The electrode is moved and oriented 
under the microscope by means of a Chambers’ micromanipulator. Only 
one micro-electrode was used directly in contact with the fibre, the other 
indifferent electrode being an Ag-AgCl coil about 4 cm. long, placed near 
the muscle and covered by the same cotton wool that surrounded the 
muscle. The total diameter of the micro-electrode being only a few ju in 
diameter, it is possible to observe and record as near the point of stimu¬ 
lation as desirable. 
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The method of recording was essentially that of Pratt and Bisen- 
berg e r [1919] . The preparation was sprayed with minute mercury droplets 
which were illuminated by a bright source of light from the side. The point 
of light that is reflected through the microscope by one of the mercury 
droplets on the responding fibre passes through a horizontal side eyepiece, 
and then to the motor-driven camera 1 ft. away from the microscope. The 
side eyepiece is so adjusted that the point of light from the mercury droplet 
is in focus on the camera film when the fibre is in focus for the observer. 
While the mercury globule is illuminated when recording, the responding 
fibre is also continuously observed with transmitted illumination. 

Although the muscle was weighted by about 3 g. only, the contractions 
took place under fairly isometric conditions, since a single fibre had to 
contract against the resistance of the 400 fibres of the sartorius. No move¬ 
ment can be detected without magnification when only one fibre is re¬ 
sponding. 

Results. 

Responses to single induced shocks. 

The essential condition for obtaining submaximal contractions in the 
single uninjured muscle fibre, as has aheady been pointed out [Gelfan, 
1930; Gelfan and Gerard, 1930], is that the electrode should be of 
sufiiciently small size. Asmussen [1932] obtained graded responses in 
the single fibre without the use of micro-electrodes. But in his experi¬ 
ments a single fibre was dissected out, and such an operation is scarcely 
possible without some injury to the fibre. Graded responses can be ob¬ 
tained in the injured fibre with diffuse stimulation [Hintner, 1930], and 
also in hearts that are in poor condition [Carlson, 1906]. In the curarized 
preparation, as already shown by the waiter [1931], microstimulation is 
also necessary in order to obtain submaximal responses. This point is of 
some importance since Asmussen [1932, 1933], accepting the views of 
Lindhard [1932], considers the all-or-none behaviour of the fibre as a 
property of the end-plate. If this were true, microstimulatioii would not 
be necessary in the curarized preparation in order to obtain graded 
responses in the single fibre. Curarized preparations were at first used in 
the present experiments but later abandoned, as no advantage was found 
in the curarized over the non-curarized muscle. Not only do the micro¬ 
electrodes permit very fine locahzation of the stimulus, but they were also 
apphed at the extreme pelvic (nerve-free) end of the muscle. 

Plate I is a continuous record showing graded contraction curves of a 
single fibre. The stimulus was graded by movements of the secondary 
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coil. The current in the primary was delivered at intervals by a "metro¬ 
nome interrupter, with condensers across the mercury cups to eliminate 
sparking. The duration of the submaximal responses, as may be observed 
from the record, is no longer than that of the maximal (last two responses 
in the record). Indeed the smaller responses are actually of shorter 
duration, approaching that of the maximal twitch as the magnitude 
of the mechanical response approaches that of the entire fibre. If the 
time relations of the contractile process at any point on the fibre are 
the same in a submaximal as in a maximal contraction, the longer 


A 




Text-fig. 1. A. Camera lucida drawings of a maximal and submaximal twitch of a single 
fibre stimulated by induced shocks, in which the shape and form of the contraction 
curves and time relations may be compared. Taken from Plate I, magnified x 4; total 
magnification >: 700. B represents the same for the responses to constant current 
stimuli of 0-6 sec. dimation taken from Text-fig. 3, Time signal above 0-01 sec. The 
record of the responses to the induced shocks was chosen in this case because of the 
unusual iiia,gnitude of the mechanical response of a single fibre. The other records of 
responses to induced shocks are more of tlie order of magnitude as represented by the 
responses to constant current. 


duration of the maximal responses observed is not surprising since 
the activity is conducted over the entire length of the fibre, whereas in 
the submaximal response only a fraction of the fibre is involved. Apart 
from this difference in duration, the shape and form of the maximal and 
submaximal curves, as may be observed in Text-fig. 1, are essentially the 
same. The duration and magnitude of the response may vary somewhat in 
different experiments, depending upon the condition that the preparation 
is in, length of the muscle, mechanical conditions during any given 
experiment, etc. But whatever the duration, or shape and form of the 
maximal response may be under any given experimental condition, the 
relation between any gi%^en fraction of the maximal mechanical response 
and the maximal response is always of the kind shown in Text-fig. L 
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Responses to constant current. 

Tlie responses of a skeletal muscle fibre to constant current, as 
Biedermanii [1895, p. 160] demonstrated, may be of three types: a 
simple twitch, a twitch followed by a persistent shortening, and a per¬ 
sistent contraction not preceded by the twitch. The local cathodic con¬ 
traction, as figured by Lucas [1908], which lasts as long as the exciting 
current does, is obviously the same as the third type mentioned by 
Biedermann. Keversible contracture type of responses to direct and 
indirect electrical stimulation have also been described by Bremer [1932]. 
Although the graded responses of the single fibre to induced shocks, as 
shown above, have time relations no longer than that of a twitch, it 
might still be argued that the submaximal responses are all examples of 
the local cathodic contraction and that the twitch-like brevity is permitted 
by the briefness of the stimulating current. As will be seen below, how¬ 
ever, the graded contractions of the single fibre when stimulated by 
constant currents of long duration can be of any of three types described 
by Biedermann. 

To avoid confusion, it is necessary first to point out the apparent 
reversal of polar effects with constant currents when micro-electrodes are 
used. The electrode system consisted of one micro and one large indifferent 
electrode. With this arrangement there is an apparent reversal of 
Pfliiger’s law, for the response occurs at the closure of the cuiTent when 
the micro-electrode is anode, and at the opening when it is cathode. The 
explanation of this phenomenon probably lies in the well-known fact that 
a localized electrode apphed to a tissue induces an electric pole of opposite 
sign in the neighbouring parts of the tissue, and it would seem that in 
the conditions described this secondary pole is more effective than the 
primary. 

Of the three types of response to constant current mentioned above, 
the twitch is of greatest interest in this case. The occurrence of submaximal 
twitches definitely demonstrates that in the single fibre graded contrac¬ 
tions of twitch-like duration may be obtained with constant currents 
that far outlast the duration of the response. Hate II shows a series of 
responses graded by increasing the strength of a constant current by means 
of a potentiometer in the circuit. The micro-electrode in this case is the 
anode and the contractions are only at the make of the current. The 
duration of the responses is of the order of that of a twitch, although the 
stimulus is of about 0-5 sec. duration. Similarly, Text-fig. 2 shows 
responses at cathode to the break of the current. The last responses in 
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botli cases are maximal, as further increase in stimulus strength did not 
increase the height of the mechanical response (sufficient increase in 
stimiiiiis strength with consequent spread of current evokes additional 
units to respond maximallv with the well-known step-like gradation). 
The shape and form of the siihmaximal contractions are not significantly 
different from the maximal ones, except for the magnitude of the response. 
As the camera liicida enlargements in Text-fig. 1 demonstrate more 
clearly, the duration of the submaximal response is actually shorter than 
the maximal twitch. 

The response at the break of the current can be graded not only by the 
variation of the current intensity but also by grading the duration of the 






Text-fig. 2. Graded responses of twitch-like duration to break of constant cun-ent at 
cathode. To be read from left to right and from above downward. ISTon-poIarizable 
electrode 10 ju in <liameter. Stimuli, lasting 0*6 sec., and graded by potentiometer, were 
delivered every 2 sec. The end of the time marker (0*01 sec.) above myogram in each 
strip of the record represents the break of the current. Most of the record betw'een 
each make and break has been cut out, each strip representing only a small fraction of 
the entire duration of the stimulus. Operation of switch as in Text-fig. 2. Temp. 17® C. 
Microscopic magnification x 170. 


stimulus. With a current duration of about 1 sec., and an intensity that is 
maximal for this duration for the single fibre, fractions of the maximal 
response may be obtained by decreasing the duration and keeping the 
intensity constant. This is true for both the twitch-like responses and 
the sustained contractions. The latter effect may be seen in Text-fig. 3. 
A similar observation on the effect of duration of a tetanizing current 
of constant intensity gAfing sustained effects has already been observed 
by the author [1930]. 

The galvanic contractures in the single fibre were obtained both at the 
make of the current when the micro-electrode was the anode, in which case 
the response lasted as long as the current was on, and at the break of the 
current when the micro-electrode was the cathode. In the latter case, 
persistent contractions, some of which lasted several seconds, were 
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obtained and these always began only after the cessation of the current. 
Text’-fig. 3 shows graded contractures of the single fibre elicited by the 
break of the current at the cathode. The active inhibitory effect of the 
make of the current after the contracture has started as a result of 
the break of the current is well illustrated here, and also in Text-fig. 4. 
The inhibitory effect of the current on a muscle in a state of excitation 
was long ago demonstrated by Biedermann [1895] on the heart and on 
the veratrinized sartorius. Recently it has again been demonstrated by 



Text-fig. 4. Persistent maximal contraction preceded by twitch, at break of current, and 
inhibition by the make. Cathode 15/i, in diameter. Only one fibre responding, showing 
greater degree of shortening of maximal contractoe as compared to maximal twitch. 
End of signal above myogram is break of current, beginning is the make. Temp. 16° C. 
Time below O'Oi see. 

Bremer [1932]. In the experiments of the last two investigators it is 
the anode make that exerts the inhibitory effect, whereas in our case, 
because of the reversal of polar effects with the micro-electrode, the effect 
is at the cathode make. 

Text-fig, 4 shows the contracture, response preceded by a twitch. Only 
one fibre is responding, but the twitch in this case is already maximal. 
The response is at the break of the current at the cathode. In the upper 
portion of the record the contracture after the twitch is inhibited before 
its full development by the making of the enrrent again, shortly after the 
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response began. In tbe lower portion of tbe record, bowevei, wliere tlie 
fuller development of the persistent contraction is permitted before tlie 
current is made again, tlie very mncli greater shortening may be observed. 
Yisiially, the maximal contracture response to the break of the current at 
the cathode is strikingly similar to a tetanus or to the type of response 
evoked by pricking a muscle fibre of the retrohngual membrane, as 
reported by Gelfan and Bishop [1933]. 

Discussion. 

It is clear that submaximal contractions may be obtained in the single 
fibre that, in their time relations, are in no way different from a twitch. 
This is equally true for constant current stimuli as it is for induced shocks. 
Furthermore, it is possible to differentiate, in the submaximal responses 
of the single fibre as well as in the all-or-none responses of the fibres as a 
whole, contracture from twitches. The graded twitch-like responses in 
the single fibre, therefore, cannot be regarded simply as local cathodic 
contractions, as Ritchie [1932] suggests. The submaximal twitches, 
however, do differ from the maximal ones at least in one important 
respect. They are not accompanied by an action potential [6 elf an and 
Bishop, 1932]^. Also, they are not propagated throughout the length of 
the fibre, and need a stimulus of restricted area. 

The question as to the validity of the all-or-none principle has now 
become mostly a matter of definition. There is an all-or-nothing relation 
between stimulus and electric response in the muscle, and presumably 
between the stimulus and the propagated disturbance, but the contractile 
process is fundamentally capable of continuous gradation. This further 
indicates that contraction and electric response are distinct mechanisms. 
The fact that the two responses begin simultaneously [Roos, 1932] does 
not preclude their separability. 

^ It is difficult to accept the claim ofHenriques and Lind hard [1920] and Lindhard 
[1932] that a muscle stimulated directly (by large electrodes, so that many or ail fibres are 
contracting maximally) does not have an action potential. Action potentials have frequently 
been measured from muscles completely curarized, in which case there was no question of 
stimulating intramuscular nerve fibres. Adri an and Owen [1921] were able to demonstrate 
action potentials in the denervated gastrocnemius and sartorius. Henriques and Lind¬ 
hard [1923] claimed that the action potentials in the last experiments were due to stimulus 
escape, but Adrian [1925] published further records from denervated muscle in which the 
form of the response was shown to be quite different from that of the stimulus escape. 
Kecords can easily be obtained vith the Matthews’s oscillograph shoving both the 
stimulus escape and action potential, the former some distance from the latter, from a com¬ 
pletely curarized sartorius. Furthermore, spontaneous discharges from a muscle in NaCl 
can be measured when the preparation is curarized [Adrian andGelfan, 1933]. There is 
no question of stimulus escape in this case. 
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AE tEe events tkat can occur when a muscle fibre is adequately 
stimulated are not interdependent to the degree that they must either 
all occur or not at all. Whatever the structural basis of the various 
processes may be, it is obvious that the fibre can be stimulated to give a 
slow response (reversible contractures) or a rapid one (twitch), and that 
the electric response may or may not accompany the mechanical one. 
Furthermore, the different processes involved do not necessarily obey 
the same laws. The all-or-nothing behaviour which characterizes the 
action potential mechanism is not a fundamental property of the con¬ 
tractile process, as is indicated by the various types of contracture and 
by the siibmaximal responses of the single fibre. 

Summary* 

Eecords have been made of the contractions of single muscle fibres of 
the frog’s sartorius which permit analysis of the duration and shape and 
form of the mechanical response to induction shocks and constant current 
of long duration. The graded submaximal responses in the single fibre 
could thus be compared to the maximal ones in the same fibre. 

All of the three t}rpes of responses that can be produced in the muscle 
as a whole by diffuse stimulation vnth constant current can also be 
duplicated in the submaximal responses of the single fibre. The rapid 
submaximal responses to constant current in the single fibre have the 
time relations of a twitch. 

There is an apparent reversal of polar effects when a micro-electrode 
and a large indifferent electrode are used for stimulating. 

A contracture produced by the break at the cathode can be actively 
inhibited by the make of the current again. 

I Tiish to acknowledge my indebtedness to Profs. E. D. Adrian and J. Barcroft'for 
all the courtesies extended to me during my stay at this laboratory as a Gruggenheim 
Memorial Fellow. 
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EXPLANATION OF PLATES ! AND !!„ 

Plate I. 

Continuous record sho'^ving graded responses of a single fibre in the sartorius muscle to single 
induction shocks, increasing progressively in strength. Record reads from left to right 
and from top to bottom. Last two contractions are maximal. Time signal at top 
of record 0*01 sec. Unipolar stimulation with non-polarizable electrode 6pm diameter 
(see also text). Microscopic magnification x 170. Temp. 16° C. 


Plate II. 

Graded responses of twitch-like duration to constant current stimuli. To be read from left 
to right and froin top to bottom. The non-polarizable electrode, 15 p in diameter, was 
the anode, and responses are only at the make. Stimuli lasting 0*5 or more seconds 
were graded by potentiometer and delivered every 2 sec. Temp. 16° 0. Time 0*01 sec. 
Mcroscopic magnification x 170. The beginning of the time signal at the left in each 
case indicates the make of the current; and the end on the right the break of the 
current. A hand key of a double-pole mercury cup switch made and broke contact of 
both the stimulating current and the current iUummating mirror on vibrating tuning 
fork. The imperfect relation between beginning of stimulus and beginning of time 
marker is due to the fact that the contacts in the two mercury cxips were not made 
perfectly simultaneously. 
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THE BEHAVIOUR OF THE LIVER GLYCOGEN 
DURING DECEREBRATION HYPERGLYC.®MIA 
AND THE INFLUENCE OF ATROPINE AND OF 
ERGOTAMINE ON THIS CONDITION. 


ByM. LOUISA LONGi. 

(From the Physiological Laboratory, The University, Aberdeen.) 

(Received September 27, 1935.) 

In the experiments ofDonhoffer and Macleod [1932] on decerebration 
liyperglyceemia, it was shown that atropine injected in repeated doses of 
1 mg. was capable of preventing or at least retarding the rise in the blood 
siigax percentage in fasted rabbits in which the vagus nerves were cut. 
In well-fed animals with large stores of lixer glycogen, on the other hand, 
atropine and vagotomy had no influence on the development of the 
h}^ergiyc£eniia. In these experiments the influence of ergotamine was 
undecisive because of difficulties in the collection of blood from the ear 
vein. Since it is important in sohdng the problem of the nature of the 
nerve control of the blood sugar level to know exactly the efiect of these 
two drugs on decerebration hyperglycaemia, it was considered advisable 
to reinvestigate their effects with the difference that the vagus nerves are 
left intact. The results of such experiments are shown in Tables I and II. 
In another series of experiments, Donhoffer and Macleod found that 
the degree of hi'perglycaemia following decerebration was not related to 
the percentage amount of glycogen present in the liver to start with. 
They also found that the amount of sugar arising from the glycogen which 
disappeared from the liver during the course of a decerebration experi¬ 
ment on a previously fasted animal w^as far less than that required to 
cause a comparable increase in the blood sugar percentage when given by 
continuous intravenous injection to rabbits under am}d;aL This led to 
the conclusion that the nerve disturbance set up by the decerebration 
must excite a new formation of sugar in the liver—a secretion, as Claude 


^ Of the Potter Metabolic Clinic, Santa Barbara, California, U.S.A. 
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Bernard thought—and that the glycogen found present in the organ was 
merely a by-product of this process which might either become increased 
or decreased in amount during an experiment. Even supposing that 
over-production of sugar in the liver, rather than decreased utilization in 
the tissues, is the cause of the hyperglycaemia which follows decerehration, 
it is obvious that only a very approximate estimate of the amount of 
extra sugar, which would be required to produce it, could be obtained by 
seeing how much glucose had to be administered by continuous intra¬ 
venous injection into a normal animal to bring about a corresponding 
rise in the blood sugar level. Quite apart from a possible eSect of 
anaesthesia, differences in the two animals—the decerebrated and the 
anaesthetized—might depend on the state of carbohydrate metabolism at 
the time of the experiment; whether the muscles, for example, were 
building up glycogen or breaking it down. Such comparisons would only 
be justihable when changes in the glucose, glycogen and lactic acid con¬ 
tent of the entire body were taken into account, and even then one would 
have to be certain that the same amounts of carbohydrate were being 
metabolized by the two animals under comparison. 

Although there is, therefore, no way of knowing how much extra 
sugar is necessary to cause a degree of hyperglycsemia comparable with 
that following decerebration, it was considered important to ascertain 
how the percentage of liver glycogen would behave from hour to hour 
when large amounts were present at the time of decerebration. If any 
degree of parallelism could be detected between the rate at which the 
percentage of sugar rises in the blood and that at which the glycogen 
percentage falls in the liver, it would be strong presumptive evidence that 
over-production of glucose out of preformed glycogen in this organ is 
mainly responsible for the hyperglycsemia which follows decerebration in 
well-fed animals. It is quite certain that extra sugar production out of 
preformed glycogen in the liver is at best only a secondary factor in 
causing decerebration hyperglycsemia in fasted animals, but this does not 
rule out the possibility that this is the main source of the sugar in well-fed 
ones with much stored glycogen in the liver. This increased glycogenolysis 
might conceivably last until all the preformed glycogen has been used up 
and then be followed by increased gluconeogenesis. 

The methods used for decerebration, the removal of material for 
analysis and the determination of glycogen, blood sugar, etc. were the 
same as those described byDonhoffer and Macleod. The only experi¬ 
mental detail that requires mention here concerns the choice of animal 
and its feeding prior to fasting. From various laboratories, as well as this 
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one, the results of recent years have shown that the behaviour of carbo¬ 
hydrate metabolism under any particular condition, such as administra¬ 
tion of insulin or adrenaline, fasting and even such violent disturbances as 
those caused by decerebration, may be influenced by the age of the 
animal, the season of year, the time of day, as well as by the previous 
feeding. In order to obtain consistent results even in deoerebration 
experiments, it is therefore necessary that the experimental conditions 
be rigidly standardized. This has been done as far as possible in the present 
investigation, and would have been done completely had a suitable 
supply of rabbits been available. 


(1) The effect of atropine, (Table I.) 

In one of the animals (No. 27) the liver glycogen to start with was 
low, as a result of previous fasting, and the atropine given at the time of 
decerebration retarded although it did not prevent the development of 
hyperglycaemia. There is no doubt, however, from the results of Don- 
hof f er and Macleod, that atropine under these conditions does usually 
prevent pontine decerebration from having any effect on the blood sugar 
level. On the other hand, when the atropine is given to carbohydrate-fed 
animals having large amounts of hver glycogen, it does not retard the 
rise in the blood sugar level following decerebration unless the dose be 
excessive (10 mg.), and even then the retardation is only temporary. In 
Exps. 20 and 22, in which atropine was given after the hyperglycaemia 
had become established, only a doubtful depression followed in the blood 
sugar level, and in Exp. 26, in which as much as 11 mg. was injected, the 
hyperglycaemia was not affected. On the other hand, when a large dose 
of atropine (10 mg.) was given at the same time as decerebration was 
performed, as in Exp. 24, it did distinctly retard the development of the 
hyperglycaemia. Doses of atropine less than 5 mg: had no effect, as is 
seen in Exps. 16 and 18. 

As might be expected, the atropine did not influence the break-down 
of liver glycogen. 


(2) The effect of ergotamim. (Table II,) 

In the experiments ofDonhoffer and Macleod the results obtained 
after injecting ergotamine were not conclusive, because of the difficulty of 
collecting blood from the ear veins. It was decided to repeat these experi¬ 
ments by collecting the blood from the carotid artery. Stock-fed animals 




* Stock fed and fasted overiii^lit, except in Ko, 05, wliieh was maize fed and not fasted, 
f Yagus nerves cut. 

I (a) indicates atropine, (b) indicates ergotamine. 
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fasted for variable periods were mainly used, so that the percentages of 
glycogen in the liver varied from animal to animal. There are three 
experiments (Nos. 58, 61 and 63) in which the animals received 0-5 mg. 
ergotamine at the time of decerebration in region iii, and in all of them 
the blood sugar level rose not at all or much less steeply than usual In 
two experiments (Nos. 64 and 65) larger doses of ergotamine (0*8~0-9 mg.) 
still more markedly suppressed the hyperglycsemia. The behaviour of the 
blood lactic acid is of some interest in these experiments, for in three out 
of the five its percentage after four hours had scarcely risen above the 
initial value. With regard to the behaviour of the liver glycogen, it will 
be observed in four of the experiments that the percentage had scarcely 
changed after four hours. This is a very different result from that obtained 
following decerebration when no drugs are given and is probably of some 
significance. The table also contains a control experiment in which 
decerebration was performed in region ii; the blood sugar percentage 
remained constant, the blood lactic acid percentage rose sharply and the 
liver glycogen percentage fell. 

The results taken as a whole leave no doubt that ergotamine alone 
can completely counteract the effects of pontine decerebration in fasted 
stock-fed rabbits. This result is of interest in view of that obtained by 
Nitzescu and Munteanu [1932], who found that ergotamine prevents 
the development of hyperglycsemia following adrenaline. 

The table also shows the results of three experiments (Nos. 61, 54 and 
56) in which ergotamine (0*5-0*6 mg.) was injected along with atropine 
(10 mg.) into rabbits that had fasted overnight after being stock fed. In 
two of these animals the vagus nerves were also cut. The results with 
regard to the blood sugar level and the liver glycogen percentages are the 
same as after ergotamine alone, but they diSer with regard to the blood 
lactic acid, which rose sharply. Apparently atropine annuls the effect 
which ergotamine has in preventing increase in the blood lactic acid 
percentage, but we do not wish to put much emphasis on this particular 
observation, since it is quite evident that, in rabbits at least, the blood 
lactic acid may vary considerably from unknown causes. 


(3) Behaviour of glycogen at intervals following pontine 
decerehration. (Table III.) 

In four experiments on fed animals (Nos. 31, 33, 34 and 41) decere¬ 
brated in region ni, the blood sugar level rose in the usual manner, so that 
decided hyperglycamia was present by the second hour. MeanwMle, the 
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liver glycogen percentage remained practically nnelianged in tliree out of 
tlie four experiments. After the second hour the rise in blood sugar 
percentage became very marked and the liver glycogen percentage 
rapidly decreased. There is evidence to show that the rapid iacrease in 
blood sugar in the later stages of the experiments was partly due to the 
handling of the liver entailed in remo\dng pieces for analysis; thus, a 
similar rise occurred in an animal decerebrated in region ii (No. 32). 
Administration of atropine at the time of decerebration (No. 35) did not 
prevent the development of hyperglycaemia when the glycogen percentage 
was high, but delayed it when this was low (No. 37). 

The behaviour of the glycogen in the liver in these experiments con¬ 
firms the conclusion previously drawn by M a c 1 e o d and Donhoffer that 
the course and degree of decerebration h}^erglycaemia is little dependent 
upon the rate at which it is discharged as glucose into the hepatic veins. 
No doubt, other things being equal, the percentage of blood sugar will 
tend to rise somewhat higher and to remain high for longer in glycogen- 
rich than in glycogen-poor animals, but this difference is by no means 
sufficiently pronounced to indicate that increased hepatic glycogenolysis is 
the function primarily responsible for the hyperglycaemia. For example, 
in Exp. 32 of the present series, in which decerebration was performed in 
region ii, the blood sugar level did not change until after 2|- hours— 
when handling of the liver began to affect it—yet the fall in the hver 
glycogen percentage, up to 2 hours at least, was as great as in any of the 
other experiments. 

As was to be expected, the percentage of glycogen in the leg muscles 
fell in all the experiments, and although this may have occurred in some 
more rapidly than in others, no relationship can be detected between the 
rate of this decline and that of the liver glycogen or between it and the 
rate at which the blood sugar percentage increased. 

Conclusions. 

1. When the percentage of liver glycogen is high in rabbits, atropine 
has only a slight letarding effect on the development of decerebration 
hyperglycaemia. 

2. Under the same conditions, and also when the glycogen is low, 
ergotamine almost entirely prevents the hyperglycemia. 

3. In the majority of the experiments with ergotamine no increase 
occurred in the percentage of blood lactic acid following decerebration 
and the liver glycogen remained unchanged. 
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4. STo parallelism could be demonstrated between tbe rate at wMcb 
glycogen disappears from tbe liver following decerebration and tbe 
increase in blood sugar percentage. 

Tte aiitlior wistes to thank Prof. J. J, P. Maoleod for Ms advice and assistance 
during tMs investigation, which was undertaken at his suggestion. 

Part of the expenses of tMs investigation was defrayed by funds granted by the Medical 
Puesearch CoTincil. 
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THE EFFECT OF DIET, OF INSULIN AND OF 
THYROXINE UPON THE ADRENALINE CONTENT 
OF THE SUPRARENAL GLANDS. 

By H. a. F. GOHAR. 

{From the Physiological Laboratory, University of Cairo,) 
{Received October llth, 1933.) 

The effect of diet. 

In a recent communication Rosenblneth and Gayet [1932] report 
that rats placed on meat, fat or carbohydrate diet show no difference in 
their adrenaline content, and they conclude that the adrenaline store of 
the suprarenal glands is unaffected by the character of the diet. Being 
unaware of the work of these authors, I have been conducting similar 
experiments with, however, a somewhat different result. 

In order to obviate any possible effect which climatic conditions might 
have on the results of the experiments, the investigation was carried out 
on three groups of animals, one during the hot Egyptian summer (all 
males), the second during the autumn (females and males), and the third 
during the beginning of winter (all females). The results obtained with 
these three groups showed no difference, and they will therefore be de¬ 
scribed together. The experiments were performed on 105 white rats of 
approximately the same weight and age; they were not fully grown, as it 
was hoped that the effect of diet would be more conspicuous in the growing 
animal. Before placing the animals on the different diets, in order to 
equalize their condition, they were kept for 7 days on a mixed diet com¬ 
posed of 68 p.c. dried bread, 20 p.c. meat containing fat, 10 p.c. milk and 
2 p.c. salt mixture, all mixed into a paste with the addition of water. 

On the 8th day the rats were separated into five batches of twenty- 
one rats each. The first batch continued to receive a mixed diet; the second 
was fed on lean minced meat which was slightly cooked for about 40 min. 
in thin layers in a hot-air oven; the third batch received mutton fat, 
which was separated from cellular elements by being melted on a water 
bath; the fourth batch was fed on raw rice, and the fifth was starved. All 
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tlie rats received a plentiful supply of water, and all except tlie fiftli 
batch, were given 2 g. of salt mixture and 5 c.c. of cod-liver oil to every 
100 g. of the diet. 

One third of the animals in each group was killed on the 9th~10th day 
of receiving the special diet, another third was killed on the 15th~16th 
day, and the remainder on the 20th-22nd day. Of the animals which were 
starved, some were killed on the 9th day, and all the rest on the 15th day. 
The animals were killed in an atmosphere of chloroform and coal gas 
[Cro wden, 1929]. They died within 1-2 min. The suprarenal glands were 
at once excised, freed from connective tissue and weighed, and the 
adrenaline content of both glands together was estimated. The usual 
method of the chemical estimation of adrenaline by hydrochloric acid 
extraction, recommended by Folin, Cannon and Denis [1912-13], has 
been criticized by Baker and Marrian [1927], who found that extraction 
with trichloroacetic acid gave more reliable results. Wiltshire [1931] 
found that the addition of a trace of alanine retards the oxidation of 
adrenaline in solution, a result which I can entirely confirm. In view of 
this, the adrenaline was estimated as follows: 

Both suprarenal glands were rapidly and finely ground with silver 
sand, with the addition of a few drops of lOp.c. trichloroacetic acid 
containing 0-25 p.c. of alanine. About 1-5 c.c. of the trichloroacetic- 
alanine solution were added after the grinding and the whole mixture was 
agitated, the sand and precipitated proteins were allowed to settle, and 
the supernatant liquid was filtered ofi through a little wad of glass wool. 
The residue was extracted once more with 1*5 c.c. of the solution, filtered 
off, and then washed twice with a few c.c. of distilled water and a few 
drops of the trichloroacetic-alanine solution. The filtrates were centri¬ 
fuged, and the small residue was once more thoroughly washed and 
centrifuged. Finally the whole extract was diluted to 25 c.c. in a measur¬ 
ing flask. The estimation of the adrenaline in the extract was carried out 
colorimetrically in a Duboscq colorimeter with the addition of Folin's 
**uric acid reagent/' the standard being a 0-04 mg./lOO g. uric acid 
solution. 

The results of the experiments are represented graphically in Fig. 1 
which shows that, in spite of the fact that there are considerable variations 
in the adrenaline content of the individual rats in each batch, there is not 
much difference between the control rats and the rats kept on protein 
diet, while the adrenaline content of the rats kept on the carbohydrate 
diet and on the fat diet is considerably diminished. The starved rats also 
showed diminution of the adrenaline content, confirming the results of all 
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previous observers [Vincent and Hollenberg, 1920; Monriqnand 
and LenlieXj 1928; RosenblnetK and Gayet, 1932]. 

Tbe comparison of tbe weight of the suprarenal glands of rats kept 
on different diets and the relative amounts of adrenaline per g. of gland 



Fig. 1. The inflnence of difierent diets on the adrenaline content of the suprarenal glands. 
Vertical lines show the extent of the individnal variations in the corresponding hatches 
of rats. The averages are joined together. The figures in the segments represent the 
number of rats in each batch whose adrenaline content varies between the limits 
enclosed by the segment. There were twenty-one rats in each batch. 


Table I. 



Weight of Weight of 
rats before rats after 

Weight of Adrenaline 

mg. 

adrenaline 

g. gland 
per kg. 


diet 

diet 

glands 

content 

perg. 

body 


g- 

g- 

g* 

mg. 

gland 

weight 

Control 

2982 

3276 

0*745 

1*459 

1*958 

0*227 

Meat 

2900 

2976 

0*708 

1*373 

1*939 

0*237 

Fat 

2910 

2289 

0*519 

0*827 

1*595 

0*227 

Carbohydrate 

3079 

2512 

0*393 

0*991 

2*525 

0*156 

Starvation 

2940 

1785 

0*527 

1*180 

2*239 

0*295 


show additional points of interest. Table I gives the figures for the sum 
of all the rats in each group. On comparing the maxima and minima from 
the different groups, the result was found to be the same. The most 
striking difference is observed in the relative amount of adrenaline per g. 



308 


H, A. I, GOHAR, 


of gland in the case of fat, carbohydrate and inanition. In all three 
batches the weight of the suprarenal glands (col. 3) was found to be 
diminished as compared with the controls and the protein fed animals. 
With the fat diet, however, the diminution of the weight of the suprarenal 
glands was less pronounced than that of their adrenaline content, while 
during starvation and still more with the carbohydrate diet the weight 
of the glands diminished relatively more than the absolute amount of 



Kg. 2. The influence of different diets on the weight of the suprarenal glands in g. per kg. 
body weight (contmuons line) and of their adrenaline store in mg. per g. of gland 
(dotted line). The calculation was made in comparison with the control animals. 


adrenaline. Thus, with the fat diet, the adrenaline content per g. of gland 
diminished as compared with controls, while during starvation and even 
more with the carbohydrate diet it increased. These figures are of further 
interest when compared with the relative change of weight of the supra¬ 
renal glands per kg. body weight. In this respect there is no difference 
between the control batch and the protein fed rats, but in starvation the 
glands are relatively larger, and in the carbohydrate fed animals rela¬ 
tively smaller than in the controls. In the case of fat diet the weight of 
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the glands per kg. body weight does not differ from that of the normal. 
It is thus obvious that in the case of the fat diet the weight of the gland 
and that of the body diminished at the same rate, while in the case of the 
carbohydrate diet the glands diminished far more rapidly than the weight 
of the body. In starvation the weight of the body diminished more 
rapidly than the weight of the suprarenals. 

Thus with the carbohydrate diet the suprarenals are markedly 
diminished in size but relatively heavily charged with adrenaline, while 
with the fat diet they are relatively poor in adrenaline. Fig. 2 represents 
the average results of all the experiments. On comparing individual 
animals it was found that the relative change in the adrenaline store of 
the suprarenal glands was not dependent upon the change in body weight, 
since rats which lost weight to a negligible extent showed as great a 
diminution in the adrenaline content as those which lost considerably 
more weight. 

It is impossible to explain the difference between the results of these 
experiments and those of Eosenblueth and Gayet [1932], especially as 
these authors give no details of their experiments. It would be of interest 
to know the conditions under which their rats were kept, since the changes 
in weight of their animals are strikingly different from those of the present 
experiments. For instance, after 8 days of starvation the weight of their 
rats diminished by only 5*5 p.c., while in the present experiments, during 
the same period of starvation, the diminution was never less than 30 p.c. 
In the case of fat diet aH the rats in the present experiments showed a 
diminution in weight, while the rats of Eosenblueth and Gayet either 
did not change in weight or, in the case of 35 days of feeding on fat, 
increased in weight. 

The effect of insulin. 

There are various data in the literature concerning the activity of the 
suprarenal bodies under the influence of insulin, but no determinations were 
made of the adrenaline content. Most of the observers [Sundberg, 1923; 
Houssay and Lewis, 1923; Lewis and Magenta, 1925; Artundo, 
1925; Eicci and Hilami, 1925; Houssay, 1925; Tada, 1931] consider 
that extirpation of both suprarenal glands leads to an increased sensitivity 
of the animal to insulin. Some authors [Cannon, Mclver and Bliss, 
1924; La Barre and Houssa, 1932] report that insulin hypoglycsemia 
leads to an increased secretion of adrenaline, the effect of which is to 
restore the blood sugar level by the mobilization of glycogen. Stewart 
and Eogof f [1923 a, 6] hold the view that the adrenaline production is 
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unafiected by insulin. Tkatclier [1926] investigated tbe effect of pro¬ 
longed daily administration of insulin on the weight of the suprarenal 
bodies, and found it almost unchanged; the adrenaline content, however, 
was not determined. 

In order to determine the effect of insulin on the load of adrenaline in 
the glands, two sets of adult rats, ten in each, were treated as follows: 
into one set over a period of 10-15 days small, definitely subconvulsive, 
doses (2 units at each injection) of insulin were injected, into the 
other, convulsive doses (10 units). Burroughs Wellcome’s or Schering’s 
insulin was used. In every case a control batch of the same number of 
animals of exactly the same weight was injected with an equal volume 
of a physiological saline solution. The results of these experiments are 
summarized in Table II. 

Table II. 



Weight of 
rats after 

Weight of 

Adrenaline 

mg. 

adrenaline 

g. gland 
per kg. 


experiment 

glands 

content 

perg. 

body 


g* 

g* 

mg. 

gland 

weight 

Siibconvulsive doses of insulin 

1809 

0*442 

0*768 

1*741 

0*244 

Control 

1788 

0*319 

0*654 

2*048 

0-177 

Gonvnlsive doses of insulin 

2050 

0*423 

0-323 

0*772 

0*206 

Control 

2050 

0*434 

0*868 

2*000 

0*212 

Thyroxine 

1856 

0*512 

0*848 

T656 

0*276 

Control 

1883 

0*327 

0*661 

2*021 

0*174 


In every case the rats treated with subconvulsive doses of insulin 
showed a larger adrenaline content than their controls. Since the weight 
of the suprarenal glands was increased to a greater extent than the 
amount of adrenaline, the adrenaline content per g. of gland was dimin¬ 
ished. The difference in the adrenahne content in the suprarenals was 
not large, but was definite enough to exclude the possibility of being due 
to individual variations, especially as this increase in adrenaline, as well 
as the increase in weight, was found in every single experiment. It is 
tempting to suggest, in view of the researches of the above-mentioned 
investigators, that the increase in weight of the suprarenal bodies and of 
their adrenaline content following the administration of insulin is due to 
a state of hyperactivity. 

In the second set of animals, in which convulsive doses of insulin were 
used, the suprarenal bodies were found to have lost a considerable amount 
of their adrenaline store, as shown iu Table II. The weight of the supra¬ 
renal bodies remaiaed the same. It is impossible to say whether the 
depletion of the suprarenal bodies was the result of hypoglycgemia or of 
the prolonged convulsions of the animals. In order to determine the 
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caeclianism of the action of the convulsive doses of insulin on the supra¬ 
renal glands, the effect of insulin was compared before and after section of 
the splanchnic nerves. Elliott [1912] demonstrated in cats that the 
right and left suprarenal bodies contained almost the same amount of 
adrenaline. The present work shows that this also holds for white rats. 
Denervation of the suprarenals on one side was carried out, under a.c.e. 
anaesthesia, through an abdominal incision, the wound being carefully 
closed after operation. The animals recovered a few minutes after the 
operation, and in about 30 min. they showed no difference from normal 
rats. Insuhn was injected 2-5 hours after the operation. The animals were 
killed 2-4 hours after injection, and the adrenaline content of each 
suprarenal was determined separately. The average amount of adrenaline 
found in the ten normal glands was only 54*5 per cent, of that found in 
the denervated glands. In control animals, into which after the same 
operation physiological saline solution was injected, the innervated 
suprarenal contained on the average 71*5 p.c. of the amount found in the 
denervated gland. This result confirms that of Elliott [1912] and shows 
that the operative procedures had a marked effect on the innervated 
glands. The innervated suprarenals of the animals which received in¬ 
sulin were, however, depleted to a much greater extent than those of the 
controls which received only saline. 

In order to make the effect of the insulin on the suprarenals inde¬ 
pendent of the effect of the operation, the experiments were repeated 
with the following modification. In each animal the left suprarenal was 
denervated while the right one was removed. Some of the rats operated 
upon in this manner received convulsive doses of insulin while others were 
kept as controls and received physiological sahne instead. Two to four 
hours after the injection the animals were killed. In the case of the 
control animals the adrenaline content of the two glands was, in all 
cases, almost equal. On the other hand the adrenaline content of the 
denervated glands of the rats which received insulin was considerably 
diminished, the denervated gland containing on the average 70 p.c. of 
that found in the gland which was extirpated before the injection. This 
diminution must be attributed to an effect which insulin or the hypo- 
glycaemia exerts directly on the suprarenal bodies. Besides this direct 
peripheral influence, however, there is also an influence through the 
nervous system. 

On comparing the effect of insulin upon the normally innervated 
suprarenals as given in Table II with the effect upon the denervated 
glands, we find that in the fihst case the glands discharged on an average 
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63 p.c. of their adrenaline content, while the denervated glands discharged 
only about 30 p.c. These results, which were invariably obtained in a 
large nuinber of experiments, show that insulin exerts a double influence. 
It stimulates the suprarenals through the central nervous system along 
the splanchnic nerves as well as peripherally by acting upon the gland 
itself. This conclusion is supported by experiments in which both glands 
were left in the animals, but one was denervated while the other was left 
intact. In control animals the innervated gland contained about 70 p.c. 
of adrenaline as compared with the denervated side, while in the animals 
which received insulin it contained 50 p.c., showing that under the action 
of insulin it lost more adrenaline than from the operation alone. In these 
experiments both the innervated as well as the denervated suprarenals 
were left in sitn, so that the difierence in their adrenaline content was due 
to the central impulses reaching one gland and not the other. 

The effect of thyboxine. 

In view of the fact that the efiect of thyroxine is in many respects 
similar to that of adrenaline, it was of interest to find whether repeated 
administration of thyroxine would lead to any change in the adrenaline 
content of the suprarenal glands. For this purpose ten normal rats were 
each given injections of 0*5 mg. of thyroxine for 10-15 days. Similarly 
ten other rats of exactly the same weight had injections of physiological 
saline solution. The animals were killed and the suprarenals were treated 
in the same way as before. The results of these experiments are given in 
Table II. In every case the animals that had th 3 ?TOxine had heavier 
suprarenal glands which contained more adrenaline. But the increase in 
weight of the glands was proportionately greater than that of their 
adrenaline so that, when calculated per g. of gland, the adrenaline content 
was relatively diminished. Thus the effect of th 3 nroxine on the suprarenals 
and their adrenaline store is similar to the effect of small sub convulsive 
doses of insulin. 

CoXOLUSIOXS. 

1. The adrenaline content and the weight of the suprarenal glands 
are affected by variations in the diet. While high protein diet has no 
marked effect, fat diet leads to a diminution of the absolute content of 
adrenaline and of the total weight of the glands. The relative amount of 
adrenaline per g, of gland is also slightly ^minished. Carbohydrate diet 
also leads to a diminution of the absolute content of adrenaline; the 
weight of the suprarenals is strikingly diminished so that the relative 
amount of adrenaline per g. of gland is considerably increased. 
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2. Repeated administration of insulin in snbconvnisive doses leads 
to an increase in tlie weight of the suprarenals and of their adrenaline 
content. In convulsive doses, insulin leads to a depletion of the adrenaline 
store. This efiect of insulin is produced through the nervous system as well 
as by peripheral action on the suprarenal bodies. 

3. Repeated injection of thyroxine also leads to an increase in weight 
and of adrenaline content of the suprarenal bodies, 

TMs reseaorcli was performed at the suggestion of Prof. G. V. Anrep. I am greatly 
indebted to Mm and to Dr A. Hass an for their helpful criticism and adidce. 
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THE CORRELATION BETWEEN THE ACTION OF 
INSULIN AND ADRENALINE UPON THE 
MUSCLE AND LIVER GLYCOGEN. 

By KAMEL M. DAOUD and H. A. F. GOHAR. 

{From the Physiological Laboratory, University of Cairo,) 

{Received October 16, 1933.) 

It was sliown by Dudley and Marrian [1923] that tlie h}"poglyc^mia 
wMch follows an injection of insulin into a normal animal is accompanied 
by a mobilization of glycogen from the liver as well as from tbe muscles. 
Tbe byperglyc^mia caused by injection of adrenaline is also associated 
with a depletion of tbe glycogen stores. There is, however, no agreement 
as to whether in the latter case it is the liver or the muscle glycogen which 
is chiefly affected. Ohara [1925] found that adrenaline brings about a 
hyperglycsemia in rabbits even after their glycogen store has been greatly 
reduced by starvation. Hyperglycsenotia has also been produced in hepa- 
tectomized dogs, and in this case it was found that the glycogen store 
of the muscles was considerably diminished. Ohara also found that in 
normal dogs a single injection of adrenaline reduced the glycogen con¬ 
tent of both the liver and the muscles. On the other hand, Cori and Cori 
[1928] state that, in fasting rats, adrenaline leads to an increase in the 
hver glycogen and a decrease in the muscle glycogen, an observation 
which was confirmed bvBlatherwick and Sahyun [1929]. Goldblatt 
[1929] finds that adrenaline in starving young rabbits diminishes only 
the glycogen store of the muscles, leaving the Hver glycogen unaffected, 
while Eadie [1929] claims to have shown that adrenaline has no effect 
on the muscle glycogen although it reduces the liver glycogen to vanishing 
point. 

Previous experiments by one of us [Gohar, 1933] on rats have 
demonstrated that an injection of a convulsive dose of insulin leads to a‘ 
considerable diminution of the adrenaline content of the suprarenal 
glands. Experiments by other workers (for literature see Gohar [1933]) 
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suggest tliat an increased secretion of adrenaline is evoked by insulin. 
Many antbors bave stated that suprarenalectomy leads to an increased 
sensitivity of tbe animal to insulin [Sundberg, 1923; Houssaj and 
Lewis, 1923; Lewis and Magenta, 1925; Artundo, 1925; Ricci and 
Hilami, 1925; Houssay, 1925; Tada, 1931]. These observations suggest 
that tbe mobilization of glycogen under tbe action of insulin may be 
assisted to an unknown degree by a concurrent increase in tbe secretion of 
adrenaline. Tbe experiments described in tbe present communication were 
performed in order to determine tbe part whicb tbe suprarenal glands may 
possibly play in the action of insulin, especially with reference to tbe 
depletion of tbe stores of glycogen. 

Method and experimental procedure. 

A comparison was made between tbe efiect of insulin on tbe liver and 
muscle glycogen in suprarenalectomized rats and rats on which a sham 
operation bad been performed. It was shown by Karczag, Macleod 
and Orr [1925] that white rats, whicb are kept under strictly identical 
conditions of feeding and caging, are suitable animals for the study of the 
influence of various factors upon tbe glycogen store and upon tbe 
distribution of glycogen between the diflerent organs. Since tbe figures 
given by these authors seem to indicate that tbe percentage of liver and 
muscle glycogen is less susceptible to variations in females than in males, 
we performed our experiments exclusively on female white rats. The age 
difference between tbe animals did not exceed 7 days, and all the rats were 
taken from a stock which bad been bred in tbe laboratory for many 
generations. As recommended by Macleod and his co-workers, tbe 
animals were starved for 40 hours before the experiments, only water 
being allowed. They were then kept for not less than a fortnight on a 
mixed diet of tbe following composition: 60p.c. bread, 20p.c. meat, 
15 p.c. milk, 3 p.c. cod-liver oil, 2 p.c. salts. The meat contained some fat 
and was minced, slightly roasted and kept in a refrigerator until required. 
In order to ensure a regular and simultaneous feeding, the animals were 
fed three times a day, at 7 a.m., 1 p.m. and 7 p.m. Tbe food was left in tbe 
cages for 1 hour on each occasion. On tbe days of the experiments tbe 
animals were deprived of all food. In confirmation of the observations of 
Karczag, Macleod and Orr, there were no great variations in tbe 
muscle and liver glycogen in these animals, provided they were killed tbe 
same interval of time after their last meal. This was especially tbe case 
with tbe muscle glycogen. 
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On tile days of an experiment two, or in some cases four, rats were 
selected of exactly tlie same weight and left without food. On one of the 
pair a double snprarenalectomy was performed through lumbar incisions 
under c. -f e. anesthesia. A sham operation was performed on the other 
rat, both suprarenals being exposed but left intact. Care was taken to 
keep both animals under anaesthesia for the same length of time. The 
wound was carefully closed after the operation, which usually lasted for 
about 10 min. The animals invariably recovered completely from the 
ansesthesia within 5 min. Although every pair of rats was always treated 
in exactly the same manner, the operations and the estimations of 
glycogen in the different pairs were not always performed after the same 
period of fasting, and therefore the amount of glycogen, although strictly 
comparable in the rats belonging to a single pair, showed considerable 
variations in animals which had the operation on different days. This 
difference may also have been due in part to the considerable changes in 
the daily temperature and the climatic conditions. White rats are parti¬ 
cularly suitable for the purpose of these experiments since Vincent 
[1924] could not demonstrate in them the presence of any accessory 
chxomapHle bodies. 

The actual experiments were performed in the following manner. Two 
hours after the operation equal convulsive doses (4-8 units) of insulin 
were injected into both rats. Usually one injection was sufficient. In a 
few cases this was followed by a second injection, about 1 hour after the 
first. When one of the pair, invariably the suprarenalectomized, became 
comatose it was killed with a blow on the head. The other rat was allowed 
to survive for exactly the same length of time after the injection of the 
insulin as the first rat. Immediately after killing an animal its liver and 
thigh muscles were rapidly removed and prepared for the estimation of 
glycogen. Great care was taken to keep the details of the preparation and 
analysis constant for all the specimens. Completely untreated rats were 
occasionally used as controls; they were kept under the same conditions, 
left to starve for the same time, and in some cases kept under ansesthesia 
for as long as the operated rats. This provided us with information as to 
the percentage of glycogen which is likely to be left in the liver and muscles 
before the operation. 

The organs used for the estimation were rapidly weighed; 1 c.c. of 
60 p.o. KOH was added for each g. of tissue, and the mixture was placed 
in a vigorously boiling water bath under reflux for 2 hours. After being 
cooled, the Iquid was diluted with 2 volumes of water, treated with 
4 volumes of 96 p.c. alcohol and well stirred. The precipitate was allowed 
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to settle and then collected on a filter paper, washed once with a mixture 
of 1 volume of 15 p.c. KOH with 2 volumes of 96 p.c. alcohol, and after¬ 
wards washed twice with 66 p.c. alcohol. The precipitate was boiled in 
water, allowed to cool, neutrahzed with dilute HCl and filtered. After the 
filter paper had been washed several times with small amounts of water, 
the filtrate was made to a definite volume, and the glycogen concentra¬ 
tion ill the solution w’as determined. In prehminary experiments the 
glycogen determinations tvere carried out according to the usual method, 
i.e, hydrolysis in 2*2 p.c. HCl for 3 hours in a boiling water hath, followed 
by determination of the sugar by one of the recognized methods. The 
Hagedorn and Jensen method was used in most cases. It was soon 
found, however, that when the glycogen concentration is very small this 
procedure fails to give satisfactory results. In our experiments the amount 
of glycogen in animals treated with insulin or adrenahne was invariably 
very small. In the amounts of tissue used for analysis it was frequently 
only a few mg., and the solution used for the determination could not be 
conveniently concentrated so as to give satisfactory results with sugar- 
reducing methods. 

Several investigators [Nerking, 1901; Kerley, 1930] have pointed 
out that the hydrolysis of glycogen does not give a quantitative jield of 
glucose. We were able to confirm this observation on a sample of pure 
glycogen in concentrations of the order obtained in our preliminary 
experiments on the liver and muscles of insulin-treated rats. The per¬ 
centage loss of glucose dming hydrolysis varied with the strength of the 
acid, the length of hydrolysis, and even with the concentration of glycogen, 
becoming less as the concentration increased. This introduced a factor 
which could obviously not be controlled. We therefore decided to use the 
polarimetrio method of glycogen determination, which has been claimed 
to be more exact than sugar-reducing methods for low concentrations of 
glycogen. 

Harden and Young [1902] have shown that, in low concentrations 
of glycogen where the opalescence does not iaterfere with the rotation, a 
fairly constant specific rotary power can be obtained, even for specimens 
of glycogen from different somces. Pfliiger [1906] also recommended 
the direct polarimetric determination of glycogen. Using Hilger’s polari- 
meter, and solutions of pure glycogen in concentrations similar to 
those obtained in our preliminary experiments, we obtained completely 
satisfactory results. The specific rotary power of pure animal glycogen was 
taken as [oc] 20° = 200 or [oc] 20° = 236*2. The accuracy of this method 
diminishes with increase in the glycogen concentration, owing to opal- 
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escence. Below 04 p.c. tlie metkod was found to be accurate. Since tke 
concentrations of glycogen in our experiments were below tMs figure, 
we adopted tbe polarimetric method for our work in preference to the 
sugar-reducing method, 

Expebimextal results. 

A comparison betw^een the percentage of glycogen in the liver and 
muscles of suprarenalectomized and sham-operated rats, after the in¬ 
jection of convulsive doses of insulin, is given in Table I. These results and 
many others which were exactly similar show that in all cases the per¬ 
centage of muscle glycogen in the suprarenalectomized rats injected with 
insulin is distinctly higher than in sham-operated rats which were treated 

Table I. 

Weight of Percentage of glycogen 

each rat f -^ 


of the 
pair 
g- 

Suprarenalectomized 

Sham-operated 

{ 

Liver 

Muscle 

Liver 

Muscle 

195 

0-00* 

0-27 

0-00* 

0-17 

220 


0-32 


0-20 

270 


0-07 


0-03 

240 


0-08 


0-05 

240 


0-15 


0-06 

225 


0-17 


0'12 

225 


0-28 


0*17 

200 


0*27 


0*16 

200 


0-09 


0-04 


* Eignres below 0-02 are given as zero. 


in a similar manner. The liver, on the other hand, is almost completely 
depleted of glycogen in both cases. At first sight these results appear to 
show that, while the mobilization of the glycogen of the muscles is in¬ 
fluenced by the suprarenal glands, the glycogenolysis in the liver is directly 
brought about through the influence of insulin and that it is independent 
of the discharge of adrenaline. Further observations, however, show that 
this is not the case. 

The depletion of the liver glycogen is not due to starvation. This is 
shown by the figures in Table II, where a comparison is made between 
the percentage of hver glycogen in suprarenalectomized rats and sham- 
operated animals which were injected with insulin with that of livers of 
animals which were either simply starved or else starved and then 
ansesthetized for the same length of time as the operated animals. While 
the liver glycogen of the insulin-injected rats was reduced to vanishing 
point, the livers of the starved non-ansesthetized rats contained a con¬ 
siderable amount. The administration of the anaesthesia and the actual 
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operation could also not explain the almost complete disappearance of 
glycogen from the liver, as was shown by comparing the glycogen content 
of non-ansesthetized and non-operated animals with that of rats which 
were anesthetized and operated upon but not injected with insulin. For 
this purpose a number of rats were subjected to a.c.e. ansesthesia for 
10 min. each; while they were under the anaesthetic a sham suprarenal- 
ectomy was performed. The rats were then left for about 5 hours. Other 
rats of exactly the same weight were used as controls. The liver glycogen 
was found to be reduced by 40-50 p.c. in the anaesthetized rats. In no 
case was the depletion greater than this. These results make it evident 
that, although the anaesthesia and the operation led to a considerable 
diminution of the glycogen store of the liver, this could not explain the 

Table II. 

Weight Percentage of glycogen 

of each. r -^ 

of the Suprarenalecto- Sham-operated Bats injected with 

four Control rats mized rats rats adrenaline 


rats 

^ _.V. 

Liver 

Muscle 

,, - ^ 

Liver 

- ^ 

^ - 

-A_^ 

r 

Liver 

-A_^ 

g * 

Muscle 

Liver 

Muscle 

Muscle 

195 

0-73 

0-29 

0 - 00 * 

0-27 

0 - 00 * 

0-17 

0 - 00 * 

0-04 

240 

0*78 

0-17 

99 

0-15 


0-06 

99 

0-05 

200 

0-37 

0-12 


0-11 


0-04 

99 

0-03 

198 

1-20 

0*21 

99 

0-25 


0-16 


0-07 


Mean 

0-197 


0-195 


0-107 


0-047 


* Figures below 0-02 are given as zero. 


almost complete depletion of it observed after the injection of insulin. As 
regards the muscle glycogen, it was found to be unaffected by the length 
of the anaesthesia employed and the operation performed. 

It can be seen from Table II that it is not only the injection of con¬ 
vulsive doses of insulin which leads to a complete exhaustion of glycogen 
from the liver but that adrenaline produces the same effect. One of a pair 
of rats of exactly equal weight was injected with 0-05-0*08 mg. of 
adrenaline, a dose of the order experimentally found to be normally 
present in the two suprarenal glands of similarly kept rats; the other rat 
served as a control. The rats were killed simultaneously 2 or 3 hours after 
the injection, and their livers and muscles were analysed for glycogen. 
The degree of depletion is striking. There is thus no reason to consider 
that the adrenaline secretion evoked by insulin, or by the after-effects of 
its administration, is without influence upon the mobilization of the liver 
glycogen. However, since insulin leads to as complete a depletion of the 
liver glycogen store even in suprarenalectomized animals, it must be 
concluded that the glycogenolysis in the liver is determined on the one 
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hand by insulin, or by the symptoms following its administration, and on 
the other hand by the increased secretion of adrenaline which it causes. 

In the case of the muscle glycogen the results differ to a considerable 
extent. Insulin seems to play no direct role in the mobilization of the 
glycogen. This is shown by comparison of the percentages of muscle 
glycogen in the first two parts of Table II, which show that in the supra- 
renalectomized animals injected with insulin the amount of glycogen left 
in the muscles at the end of the experiments is approximately the same 
as in the untreated controls. The mean percentage for the suprarenal- 
ectomized rats in the four experiments is given in Table II as 0T95 p.c., 
and for the untreated controls as 0-197 p.c. The figures given in the table 
were taken from four representative experiments. A great number of 
other experiments not reproduced in Table II gave exactly similar results. 
The four in the table were selected from those which showed the greatest 
difference in the absolute amount of glycogen present in the muscles and 
liver of the control animals. Four rats of exactly the same weight were 
used for each experiment. A comparison of the second and third part of 
Table II shows that while convulsive doses of insulin fail to cause a 
mobilization of glycogen from the muscles in the absence of the suprarenal 
glands, in sham-operated animals the mobilization of the muscle glycogen 
is considerable. In the four experiments given in Table II the average 
percentage of muscle glycogen in the suprarenalectomized rats was 
0*196 p.c., and in the sham-operated ones 0*107, an average diminution of 
about 46 p.c. Other experiments showed the same order of diminution. 

These results, together with those given in Table I, show that the 
mobilization of the muscle glycogen caused by insulin is not brought 
about directly by the insulin, but through the increase in the adrenal¬ 
ine discharge which it produces. Further evidence in favour of this 
conclusion is provided by the comparison of the time which elapses 
between the injection of insulin and the onset of convulsions in the 
suprarenalectomized rats and in the sham-operated rats. Without a single 
exception the convulsions invariably started in sham-operated rats from 
45 to 90 min. later than in the others. In one case the insulin used hap¬ 
pened to be a less potent preparation than usual and a big dose had to be 
injected. The suprarenalectomized animals had convulsions and died 
about 16 hours after the injection, but the sbam-operated rats did not 
even have convulsions. The general condition of the suprarenalectomized 
rats always aggravated more rapidly, coma developed earlier, and they 
died sooner than the sham-operated rats. This observation, together with 
the fact that the glycogen content of the muscles of the suprarenalecto- 
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raized rats is always liigher tlian that of the sham-operated animals, 
indicates an earlier lowering of the hlood sugar level in the former, owing 
to the diminution of the available source of glycogen in the absence of the 
suprarenal gland. 

It is evident that the convulsions were due to hypoglycsemia, and not 
to the operative procedure, because of their typical nature and also 
because injections of glucose caused a rapid relief. Those animals which 
were not killed and which did not die after the injection of insulin were 
found to be in good condition many weeks after the operation. 

It might be thought that, since the suprarenalectomized and the sham- 
operated rats were always killed the same time after injection of insulin, 
and since the suprarenalectomized animals had convulsions for not less 
than one hour longer than the sham-operated rats, the former would have 
shown a greater diminution in the glycogen content of their muscles. 
However, this is not the case, indicating that the diminution of the muscle 
glycogen content could not possibly be explained by the difference in 
degree of muscular activity. The muscular activity seemed to be in any 
case insufficient to produce an appreciable change in the glycogen store 
of the muscle, as shown by a comparison of the first and second parts of 
Table IL 

Conclusions. 

1 . Injection of convulsive doses of insulin into rats, which are kept 
under strictly controlled conditions, is followed by an almost complete 
depletion of the hver glycogen and a considerable diminution of the 
muscle glycogen. 

2 . In suprarenalectomized animals, insulin leads to a similar diminu¬ 
tion in the liver glycogen but apparently has no effect on the muscle 
glycogen. 

3. Injection of adrenaline depletes the liver of its glycogen and 
considerably diminishes the glycogen in the muscles. 

4. It is suggested that the depletion of the Hver glycogen is deter¬ 
mined by the synergetic action of insuHn and adrenaline, either of them 
alone giving the same result as both together, while the depletion of the 
muscle glycogen is brought about by the insulin only indirectly through 
an increased activity of the suprarenal glands. 

We wisK to express our thanks to Prof. G. V. Anrep and Dr A. Hassan for the 
constant help and criticism which they gave ns during this research. 
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THE EFFECT OF SPLANCHNOTOMY AND OF 
PHLORRHIZIN ON DECEREBRATION 
HYPERGLYCEMIAS 
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{Received September 27, 1933.) 

In discussing the nature of the nervous disturbance which is responsible 
for the development of hyperglycaemia following pontine decerebration 
in rabbits, Donhoffer and Macleod [1932] did not have available the 
results of experiments performed on animals in which the splanchnic 
nerves had been cut some days previous to decerebration. The present 
paper contains such results. It also records those obtained when the 
rabbits received large doses of phlorrhizin prior and subsequent to decere¬ 
bration. This type of experiment was undertaken for the following reason. 
It was shown by Donhoffer and Macleod that hyperglycaemia which 
followed pontine decerebration in previously fasted rabbits was com¬ 
parable in degree with that observed by Cori and Cori [1928] to be 
produced when 2 g. of glucose per kg. an hour were given by continuous 
intravenous injection into amyfcalized rabbits. Since this amount exceeds 
by many times that which could be accounted for by the glycogen which 
disappears from liver and muscles following pontine decerebration, it was 
suggested that the process of gluconeogenesis in the liver had become 
excessively active. The only alternative explanation for the accumulation 
of extra sugar in the blood is that the utilization of this substance in the 
tissues has become lessened. It was found, however, that the oxygen 
consumption, as weU as the respiratory quotient, was not demonstrably 
influenced by the decerebration, indicating that the oxidation of carbo¬ 
hydrate had not become depressed. It may be noted here in passing that 
the stability of the respiratory quotient would also seem to indicate that 
gluconeogenesis had not become increased. If the oxidation of carbo- 

^ This investigation was carried out at the suggestion of Prof. J. J. R. Macleod. 

® Carnegie Trust Scholar, * 
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hydrate is not depressed, a lower rate of usage of glucose in the tissues 
might depend on a raising of the threshold at which glucose passes into 
them from the blood. A disturbance of this nature might also be respon¬ 
sible for the hyperglycemia caused by adrenaline injections into fasting 
animals. 

Even if the rate of sugar production by the liver were undisturbed, 
a small raising of the threshold of migration of glucose from blood to 
tissues could cause a very decided increase in the blood sugar level It is 
believed that the primary cause of the glycosuria which follows phlor- 
rhizin injections is a lowering of the sugar threshold in the kidneys, and 
there is not wanting some evidence that this drug also causes sugar to 
appear in such secretions as the bile, pancreatic juice, etc. [R. G. Pearce, 
1916]. If this be the case then phlorrhizin may also lower the threshold for 
sugar in the muscles, and it seemed of interest to see what effect it would 
have on decerebration hypyerglycsemia. Since, however, the lowering of 
the renal threshold is the most outstanding effect of the drug, as judged 
by comparison of the percentages of glucose in the arterial and venous 
blood [Nash, 1922] of the kidneys, it was necessary in certain of the 
present experiments to remove the kidneys by ligation of the renal 
vessels. The experimental procedure and the chemical methods employed 
in this investigation have been essentially the same as those used by 
Donhoffer and Macleod. 


Results. 

(1) The effect of splanchnotomy. 

Splanchnotomy was performed 1-8 days prior to the decerebration 
experiment, the animals being anaesthetized by amytal They were then 
put on a normal mixed diet, the last meal being given about 18 hours 
before the decerebration experiment, except in Exps. 35 and 36, when 
they were only fasted overnight. 

A total of eight experiments were carried through, three of them on 
animals decerebrated through the middle of region iii, three through the 
posterior part of the same region, one through region iv, and one between 
regions ii and ni. The results are given in Table I. In two out of the 
pontine decerebration experiments (viz. Nos. 53 and 54) the blood sugar 
failed to rise significantly, the last blood sugar value of Exp. 54 being high 
because it was taken from the heart when the rabbit was in a dying 
condition. In the third experiment of this group (viz. No. 36) the blood 
sugar rose from 120 mg. per 100 c.c. blood to 215 within three hours, 
which is much less than that usually observed. 
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Table I. The effect of pontine deeerebration on splanchnotomized rabbits. 


Blood sugar at hourly intervals in Glycogen p.c. in 

Region mg. per 100 c.c. blood ,,-^ 

of de- ,■-^ Liver Muscle 


Exp. 

Ko. 

cerebra¬ 

tion 

Nor¬ 

mal 

1 

2 

3 

4 

5 

6 

Before 

After 

Before 

After 

F36 

3 

120 

135 

180 

215 

215 

205 

— 

0-74 

0-33 

0*19 

0-22 

53 

3 

115 

120 

125 

130 

125 

120 

145 

1-22 

0-73 

0-61 

0-52 

54 

3 

120 

125 

140 

155 

H 

250 

_ 

_ 

1-45 

0-47 


0*59 

21 

Post. 

3 

85 

160 

160 

150 

_ 

_ 

_ 

0-91 

nil 

0*34 

0-31 

F35 

Post. 

3 

150 

175 

150 

150 

100 

_ 

_ 

0-84 

0-01 

0-25 

0-28 

55 

Slightly 

post. 

3 

125 

130 

135 

130 

120 

140 

125 

3*27 

1*60 

0-76 

0*16 

31 

Ant. 

3 

120 

120 

120 

120 

130 

105 

_ 

_ 

_ 

_ 

_ 

20 

4 

115 

132 

172 

— 

215 

— 

— 

2-43 

0-49 

0-52 

0-51 


F=rabbit fasted overnight. 

H = blood sample withdrawn from heart. 


In the three experiments (viz. Nos. 21, 35 and 56), where the lesion 
was made through the posterior part of the pons, it is probable, though 
not certain, that the diabetic centre was touched at some point along the 
line of decerebration. In only one of these three experiments (viz. No. 21) 
was there a small degree of hyperglycaemia, the blood sugar rising from 
85 mg. per 100 c.c. blood to 160. In all these experiments save one 
(No. 55) the liver glycogen percentage fell as usual, and in all there was 
very little, if any, change in that of the muscles. 

The results of the experiment (No. 31), in which the decerebration was 
through the anterior portion of the pons, are doubtful, since it occasion¬ 
ally happens that under these conditions the blood sugar level is not 
disturbed. 

The results, as a whole, clearly show that splanchnotomy prevents the 
development of hyperglycaemia following pontine decerebration, and they 
indicate that the muscle glycogen is not diminished to the same extent 
as when the splanchnic nerves are intact. 

(2) The effect of fhlorrhizin. 

Rabbits which had been fed on an ordinary mixed diet were fasted 
overnight or for longer periods (18-36 hours). Twenty to thirty minutes 
prior to decerebration under amytal anaesthesia 0*75 g. phlorrhizin was 
given subcutaneously and, where indicated in the table (Table II), the 



Tablk II. Effect of plilorrJiizin on deeerebrafcion Iiyperglycfcmia. 

Initial 

Region dose of Liver glycogen 
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E=Rabbit fasted overnight. 

Blood sample withdrawn from heart. 
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kidney vessels were ligated. A sample of liver was also removed for 
estimation of glycogen by tbe Pfliiger method, and a sample of blood 
withdrawn for estimation of the blood sugar. In Exps. 37 and 40 only 
0-5 g. pHorrhizin was given. 

Asterisks in the table mark subsequent doses of 0*25 g. 

After decerebration blood samples were withdrawn from the ear at 
intervals of one hour. The experiment ended with the removal of a piece 
of liver for glycogen estimation and, when the kidney vessels were not 
tied, of a sample of urine to test for the presence of sugar by Benedict’s 
method. 

In five of the experiments the lesion was definitely through the centre 
of region iii. In two of them (viz. Nos. 45 and 46) the kidneys were not 
tied off and no significant h 5 rperglyc^mia developed. In the remaining 
three experiments (Nos. 38, 48 and 49), where the kidneys were ligated, a 
definite and prolonged rise in blood sugar percentage followed decere¬ 
bration. 

Where decerebration was performed at other levels the results were 
not so orderly. 

In Exp. 37 the line of decerebration was at the anterior border of the 
pons, so that it is impossible to say whether it was the phlorrhizin or the 
anterior position of the lesion which vras responsible for there being only 
a moderate rise in the blood sugar level. In Exp. 40, in which the 
decerebration was through the posterior portion of the pons and the kidney 
vessels were intact, hyperglycaemia became developed, possibly because 
only a small amount of phlorrhizin was injected at the beginning of the 
experiment. The results of Exps. 34 and 44, in which decerebration was 
distinctly anterior to the pons, the blood sugar level did not change 
except temporarily, whether or not the renal vessels were tied, showing 
that this operation and the administration of phlorrhizin do not in them¬ 
selves have an effect on the blood sugar level. 

Conclusions, 

1. Pontine decerebration in fasted rabbits in which the splanchnic 
nerves have been cut several days previously is not followed by an increase 
in the blood sugar percentage. 

2, Injection of large doses of phlorrhizin does not prevent the develop¬ 
ment of decerebration hyperglycsemia when the renal vessels are ligated, 
but does so when these are intact. This result supports the view that 
phlorrhizin acts directly on the kidneys. 
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THE INFLUENCE OF VAGAL STIMULATION UPON 
CONDUCTION THROUGH THE BRANCHES OF 
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It is a common observation that when the vagus nerves are stimulated 
an impulse passing from the auricle to ventricle travels with dif&culty; 
it either suffers delay or is partially or completely blocked, according to 
the degree of stimulation employed. The disturbed impulses usually reach 
the ventricle in a perfectly normal manner, giving rise to normal ventri¬ 
cular complexes. On occasions, however, they travel abnormally, reaching 
one ventricle before the other, so that abnormal complexes occur during 
the stimulation. These take place both when the block between the 
auricle and ventricle is complete [Einthoven, 1906; Kahn, 1909; 
Kraus and Nicolai, 1910] and also when it is partial; but recorded 
examples of the latter are few. Hering [1909] reported aberrant ventri¬ 
cular complexes in a dog during vagal stimulation, the ventricular beat 
being preceded by an auricular beat. Kraus and Nicolai [1910] stimu¬ 
lated the right auricle during vagal inhibition and obtained aberrant 
ventricular complexes, Rothberger and Winterberg[1911] have pub¬ 
lished curves in which each aberrant ventricular complex w^as preceded 
by an auricular wave. In these experiments, however, the vagal effect was 
complicated by a simultaneous accelerator stimulation. Einthoven 
and Wieringa [1914] published curves from dogs during morphine 
poisoning. Certain of these during partial heart block show aberrant 
ventricular complexes to supraventricular stimuli. This rhythm was 
abolished by atropinization. In 1915 Wilson reported a clinical case 
in which a perfectly normal cardiac rhythm could be changed by deep 
breathing or vagal pressure into one in which the pacemaker was situated 

^ Working on behalf of the Medical Eesearch ConncE- 
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high, up ill tie a.-v, node and tlie ventricular complexes were aberrant. 
Wben this rhythm occurred spontaneously it could be abolished by 
atropine. In all these instances the impulse giving rise to the aberrant 
beat arose either in the auricle or high up in the A.-v. node. It travelled 
presumably through the main branch of the bundle and the bundle 
branches. The explanation which ■was offered by Einthoven and 
Wieringa [1914] for such beats was that the vagus nerves influence 
conduction not only in the a.-v. node and bundle, but also in the bundle 
branches, and that the group of fibres supplying one of the bundle 
branches reacted more strongly so that conduction in this branch was 
relatively more disturbed than in the other, and aberrant ventricular 
complexes thus arose from supraventricular stimuli. 

As far as concerns those observations in which complete block is 
present, the idioventricular rhythm may arise high in the a.-v. bundle 
and the impulse be delayed in one of the bundle branches by vagal 
stimulation. It may equally well be that the idioventricular rhythmic 
centre is situated in one of the bundle branches. Both conditions would 
give rise to abnormal ventricular complexes. 

These observations suggest that vagal stimulation influences branch 
conduction. Lewis [1914] has shown, however, that the chief action of 
the vagus is at the a.-v. node or its immediate neighbourhood. It seemed 
desirable therefore to find out whether or not vagal stimulation delays 
conduction in the bundle branches. 

The method we have used depends upon the following considerations. 

Lewis and Rothschild [1914] have shown that when the left ven¬ 
tricle of a dog is stimulated there are two paths open for the impulse to 
take as it travels to the right ventricle. It can pass entirely through 
muscle or it can reach the Purkinje tissue lining the left ventricular 
caidty, pass up the left and down the right bundle branch, and spread 
through the Purkinje tissue lining the right ventricle and so reach the 
muscle. Owing to the slow rate of conduction tlirough muscle, compared 
to the high rate through Pm'kinje tissue, they found that the impulse 
must travel to the distant parts by way of the Pui'kinje system and the 
bundle branches, as it reaches these regions before it could do so if it 
travelled by muscle tracts only. We can therefore liberate an impulse 
which in its course will travel through the bundle branches, and by 
studying its rate of propagation both normally and during vagal stimu¬ 
lation, determine whether such stimulation has any influence. 

Aberrant ventricular complexes are due to the delayed arrival of the 
excitation wave at the termination of one or other bundle branch. 
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Lewis [1916] skowecl that in the right bundle branch block the first 
part of the q.r.s. complex is due to the spread through the left ventricle; 
in left bundle branch block, to the spread through the right ventricle. 
If the pure right ventricular effects and pure left ventricular effects were 
added algebraically in their proper time relations, a perfectly normal 
Q.R.S, complex was obtained. Wilson and Herman [1921] using the 
data of L ewis have determined the effect of shifting the relative position 
of the dextro- and Isevocardiogram upon the composite wave, and have 
shown that a shift of 0-005 sec. produces curves which are transitional 
between normal and bundle branch block curves; they are aberrant in 
form. From these observations it appears evident that the delay in 
conduction through one bundle branch must be at least of the order of 
0-005 sec. greater than that through the other if aberrant beats are to 
occur. Even if it is assumed that the disturbance in conduction pro¬ 
duced by vagal stimulation is confined to one bundle branch, the delay, 
namely 0*005 sec., should be appreciated by the method we have em¬ 
ployed. The more likely result of such stimulation, however, is a delay 
in both branches, with that in one branch greater than that in the other. 
In these conditions a considerable delay in the passage through both 
bundle branches would be expected, and would be clearly seen in the 
observations which we have made. 

Method. 

Dogs of about 10 kg. were used, and were anaesthetized with morphia 
followed by paraldehyde and, when necessary, a sufficiency of ether. 
Under artificial respiration the thorax was opened and the heart exposed. 
The pericardium was cut open and sutured to the chest wall, forming a 
cradle in which the heart freely beat. A radiant heater suitably placed 
maintained constant body temperature. The vagus nerves were exposed 
in the neck and stimulated by means of a faradizing current; they were 
usually cut. 

The arrival of the excitation wave at different points on the ventri¬ 
cular surface was determined by placing an electrode upon the muscle 
and connecting it to a string galvanometer. The electrode consisted of 
an outer silver tube about 1/8 in. diameter, through the centre of which 
a fine insulated silver wire passed. The outer tube and inner wire formed 
the two leads to the galvanometer. The inner wire projected about 1 mm. 
beyond the outer tube and when in position upon the heart penetrated 
the muscle. This form of electrode was employed as it gives a very 
similar electrical response wherever it was placed upon the ventricular 
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muscle. Wiieii it was connected to tlie galvanometer so that activity 
beneath the inner wire caused an upward deflection, the record was 
diphasic, a small slowing rising upward deflection being followed abruptly 
by a large rapidly falling downward deflection. The downward deflection 
was therefore associated with activity beneath the outer silver tube. 
The begimiing of activity beneath the small central wire was not to be 
readily appreciated so we have used the beginning of the large deflection 
for our measurements. With the record of this deflection, a lead II 
electrocardiogram was recorded simultaneously. This serves not only as 
an index of the constancy of the rhythm but allows the arrival of the 
excitation wave on the ventricular surface to be correlated with a 
standard” position in lead 11. 

Lewis and Rothschild [1914] in their observations employed two 
separate electrodes, one upon the muscle, the other upon indifferent 
tissue nearby. We have compared the time measurements as obtained 
by this method with those by the silver tube electrode and have been 
unable to note any difference. We have preferred to use the tube electrode, 
as it eliminates in large measure the electrical effects due to activation 
of muscle other than that immediately beneath the contacts, and gives 
curves which are similar at all positions upon the ventricle. It is also 
less liable to disturbance from the escape of current used to stimulate 
the vagus. 

The records were taken upon a moving paper camera, and measured 
by means of a Cambridge type record measurer, the error of which 
amounts to about 0*003 sec. 

Left venteicular exteasystoles. 

The spread of the excitation ivave over the surface of the right ventricle, 

Lewis and Rothschild [1914] have offered e^ddence that when an 
impulse is liberated in the left ventricle, it passes to the distant portions 
of the contralateral ventricle by way of the bundle branches. The activa¬ 
tion of the opposite ventricle is, however, a race between impulses 
arriving by the bundle branches and those arriving by muscle spread. 
It is so important to the interpretation of these present observations 
that there should be no doubt as to the precise path taken by the excita¬ 
tion wave in such circumstances that we have examined the matter in 
some detail. 

In our experiments we have determined the order of activation of 
the right ventricle during a series of normal beats and then during a 
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series of extrasystolic beats forced from the left ventricle. Left ventri¬ 
cular extrasystoles were chosen as the right ventricular surface is easy 
of access experimentally, and the order of activation in this ventricle is 
well defined owing to the distribution of the right bundle branch of the 
A.-v. bundle. 

The extrasystoles have been obtained by driving the left ventricle 
by means of rhythmic shocks passed through fishhook electrodes em¬ 
bedded in the musculature, the position of 'which has been varied in 
the different experiments. The rhythmic rate used has been slightly 
above that of the natural heart rate. The spread of the excitation wave 
over the surface of the right ventricle has been determined by placing 
the recording electrode at a series of different positions and finding the 
order, in time, of the activation of these points. This has been done for 
the normal rhythm and immediately afterwards for the left ventricular 
extrasystolic rhythm. The time of arrival of the excitation wave has 
been measured with reference to a standard point in lead II in each 
instance. With the normal rhythm, the beginning of the R. "wave,, 
and with the extrasystolic rhythm, the beginning of the mam ventri¬ 
cular deflection have been used. 

The results of such experiments are shown in Table I. In this table 
the excitation wave is considered to reach the earliest activated position 
at zero time, and the delay in its arrival at the other positions is calcu¬ 
lated with reference to this first position. The order of activation is also 
tabulated. The actual positions chosen and the points of stimulation 
are indicated in the diagrams (Table I). The measurements show that 
as far as the normal rhythm is concerned the right central portion is 
activated first, then the right middle, and finally the portion of the right 
ventricle close to the a.-v. groove. These results are in agreement with 
those obtained by Lewis and Rothschild [1914], and are explained 
by the fact that the right bundle branch through which the normal 
impulse reaches the ventricle does not break up into the Purkinje net¬ 
work till it reaches a position close to the right central region. The delay 
in the arrival at points distant from this is due to the time required for 
the spread through the Purkinje network. It is also to be noted that 
the actual time values correspond very closely with those observed by 
Lewis and Rothschild [1914]. When the extrasystolic measurementa 
are considered, it is evident that while the order of activation in the 
main corresponds with that of the normal rhythm, there are many 
discrepancies. Although certain of these lie within the limits of experi¬ 
mental error it would be unjustified without further evidence to con- 
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Exp. 3.6.23. Exp. 3.0.28. Exp. 3.7.11. Exp. 3.7.18. Exp. 3.7.28. Exp. 3.8.4. Exp. 3.10.13. 

Diagrams illustrating the positions at which the recording electrode was placed and the point stimulated (S). 
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elude that the activation of all points in the right ventricle was from 
impulses which passed down the right bundle branch. If the position 
of the point of stimulation is such that the central portion of the right 
ventricle is reached early by muscle spread, the activation of the re- 
laiainder will follow the normal sequence, for the impulse will spread 
from this point by the Purkinje tissue as it does normally. To try to 
obviate this we have stimulated the left ventricle from different positions, 
namely dorsal and ventral surfaces, and basal and apical regions. In 
two experiments using the electrodes already described [Dale and 
Drury, 1932] we stimulated the left ventricle endocardially in the apical 
region. In none of the experiments was the order of acth^ation identical 
with that of the normal rhythm. In consequence of this we proceeded 
to cut the right bundle branch and to compare the time of activation of 
chosen points in the right ventricle before and after such a section. In 
these experiments the arrival of the excitation wave was recorded at 
certain positions during a series of left ventricular extrasystoles, before 
and after the right bundle branch was cut. The success of this sec¬ 
tion was shown by the appearance of the typical electrocardiogram in 
lead II during the normal rhythm, and in Exps. 3.7.18, 3.7.28, and 3.8.4 
by the additional observation that, with a normal rhjrthm, the activation 
of all the points on the right ventricle was considerably delayed, when 
compared with measurements obtained before section. The results are 
tabulated in Table II. The measurements show clearly that we have not 
been able to find a point of stimulation from which all the positions on 
the right ventricle are activated by impulses arriving by the right bundle 
branch. The arrival of the excitation wave at certain positions is defi¬ 
nitely delayed by the section: Exp, 3.6.28, positions 1 and 6; Exp. 3,7.18, 
position 2; Exp. 3.7.28 (a), positions 2 and 3; Exp. 3,7.28 (6), positions 
2 , 3, 4, 5 and 6; Exp. 3.8.4, position 1; Exp. 3.10.13, position 5. The 
delay in other positions is less certain: Exp. 3.6.28, position 2; Exp, 
3.7.28 (a), positions 1, 4 and 6. But there is no delay in the arrival 
at one or more points in every experiment: Exp. 3.6.28, position 5; 
Exp. 3.7,18, positions 1, 3 and 4; Exp. 3.7.28 (a), position 5; Exp. 
3.7.28 (6), position 1; Exp. 3.8.4, positions 2, 3, 4, 5 and 6; Exp. 3.10.13, 
positions 1, 2, 3, 4 and 6. It can only be concluded that these last 
positions have been activated by impulses which have travelled through 
muscle and not through the right bundle branch. As far as our obser¬ 
vations go, we feel that it is unlikely that the right ventricle will be 
activated solely by impulses arriving by the bundle branch, whatever 
position on the epicardium or endocardium of the left ventricle is chosen 
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as tlie point of stimulation. If precise information is desired as to wMcli 
positions are activated by impulses arriving by tbe bundle brancb, then 
the branch must be cut in every experiment. 

Table II. Time in seconds of activation of right ventricular surface relative to main 
ventricular deflection in lead II during a series of left ventricular extrasystoles 
(a) before and {b) after section of right bundle branch. 


Exp. 3.6.28. 


Exp. 3.7.18. 


Exp. 3.7.28, 


Position* 

Normal 

Branch cut 

i 

00205 

0*0403 

2 

0*0134 

0*0175 

5 

0*0304 

0*0297 

6 

0*0396 

0*0594 


Heart rate 230 per min. 

Vagi cut. 

1 

0*0294 

0*0261 

2 

0*0209 

0*0309 

3 

0*0139 

0*0136 

4 

0-0292 

0*0265 


Heart rate 225 per min. 

Vagi cut. 

1 

0*0312 

0*0261 

2 

0*0280 

0*0397 

3 

0*0226 

0*0361 

4 

0-0241 

0*0293 

0 

0-0323 

0*0286 

6 

0-0293 

0-0336 


Heart rate 200 per min. Vagi cut. 

Stimulation at vortex of left ventricle. Epicardium. 


Exp. 3.8,4. 


Exp, 3.10.13. 


1 

0-0211 

0*0206 

2 

0*0250 

0*0427 

3 

0*0247 

0*0399 

4 

0*0264 

0*0334 

5 

0*0270 

0*0354 

6 

0*0289 

0*0345 

Heart rate 200 per 

min. Vagi cut. 


Stimulation at vortex of left ventricle. 

Endocardium. 

1 

0*0156 

0*0251 

2 

0*0084 

0*0095 

3 

0*0305 

0*0293 

4 

0*0304 

0*0332 

5 

0*0165 

0*0125 

6 

0*0405 

0*0388 

Heart rate 190 per 

min. Vagi cut. 


Stimulation at vortex of left ventricle. 

Endocardium. 

1 

0-0124 

0-0146 

2 

0*0000 

0-0000 

3 

0*0121 

0-0149 

4 

0*0243 

0-0240 

5 

0*0219 

0*0290 

6 

0*0055 

0*0083 


Heart rate 220 per min. Vagi cut. 

Stimulation at vortex of left ventricle. Epicardium. 


See diagrams at bottom of Table I, 
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Influence of vagal stimulation upon conduction through 
the bundle branches. 

The observations in the preceding section show clearly that the spread 
from left to right ventricle is a race between impulses arriving by the 
right bundle branch and those arriving by muscle. Although it is true 
that precise information with regard to the influence of vagal stimulation 
upon conduction is only obtained in those experiments in which the 
positions activated by impulses arriving by the bundle branch have 
been determined, the experiments in which no such observations have 
been made can be usefully employed. Certain positions are apparently 
activated by impulses arriving by the bundle branches in every experi¬ 
ment, and if it is found that the measurements at all positions are un¬ 
changed, then this is presumptive evidence that the vagus nerves have 
no influence upon branch conduction.' If in addition the measurements 
from the experiments in which the positions activated by branch spread 
are known, and show no change during the stimulation, then it may be 
safely concluded that conduction is undisturbed. 

In these experiments the arrival of the excitation wave at a point on 
the surface of the right ventricle was recorded during a series of left 
ventricular extrasystoles. The right vagus nerve was then stimulated in 
the neck with a current sufficient completely to arrest the heart; extra¬ 
systoles were forced, and the arrival again recorded. The left vagus nerve 
was then stimulated and another record taken. When acetylcholine was 
employed, the dose used was enough to arrest the heart completely for 
30 sec. when intravenously injected. The electrode upon the heart was 
then moved to a new position, and the same procedure carried out. 
A series of positions were tested as quickly as possible one after another, 
and the measurements are shown in Table III. In some experiments the 
right bundle branch was cut immediately after these observations had 
been made and the time of activation of the positions on the right 
ventricle measured once more. The positions activated by impulses 
arriving by the bundle branches were thus determined and are shown 
in heavy type in the table. 

The measurements in all the experiments tabulated clearly show that 
vagal stimulation has no influence upon the spread of the excitation 
wave. While at some positions a decrease in the time measurement is 
noted, at others an increase is found. These differences are all small, 
and fall within the limits of experimental error. The impulses, however, 
which have travelled to the contralateral ventricle by the bundle 



338 


A. N. DRURY AND D. W. MACKENZIE. 


Table III. Time in seconds of activation of right ventricular surface relative to main 
ventricular deflection in lead II during a series of left ventricular extrasystoles 
(a) normal and (6) during vagal stimulation. 


Position* 

Normal 

Right vagal 
stimulation 

Left vagal 
stimulation 

Exp. 3.6.22. 1 

0-0196 

0*0217 

0*0237 

2 

0*0313 

0-0282 

0*0312 

3 

0*0307 

0*0294 

0*0317 

4 

0*0263 

0-0222 

0*0269 

5 

0*0372 

0-0399 

0*0353 

6 

0*0385 

0-0392 

0*0388 

7 

0*0377 

0-0370 

0*0333 

Heart rate 21o per min. Stimulation at ventral surface of left ventricle. Vagi intact. 

Exp. 3.6.28. 1 

0*0205 

0-0236 

0*0244 

2 

0*0220 

0-0207 

0*0210 

3 

0*0337 

0-0343 

0*0342 

4 

0*0306 

0-0306 

0*0290 

5 

0*0317 

0-0323 

0*0309 

6 

0*0344 

0*0338 

0*0315 

7 

0*0378 

0*0375 

0*0390 

8 

0*0427 

0-0420 

0*0415 

Heart rate 230 per i 

min. Stimulation at ventral surface of left ventricle. Vagi cut. 

Exp. 3.7.11. 1 

0*0281 

0*0327 

0*0308 

2 

0*03o8 

0*0357 

0*0310 

3 

0*0344 

0-0307 

0*0355 

4 

0*0435 

0-0413 

0*0429 

5 

0*0397 

0-0393 

0*0405 

6 

0*0445 

0*0437 

0*0426 

Heart rate 230 per min. Stimulation at lateral surface of left ventricle. Vagi cut. 

Exp. 3.7.28. 1 

0*0213 

0*0231 

0*0237 

2 

0-0280 

0-0293 

0*0261 

3 

0-0226 

0*0219 

0*0224 

4 

0*0241 

0*0260 

0*0271 

5 

0*0323 

0-0308 

— 

6 

0*0293 

0-0306 

0*0302 

Heart rate 200 per min. 

Stimulation at vortex of left ventricle, epicardial surface. Vagi cut. 

1 

0*0211 

0-0217 

0*0207 

2 

0*0250 

0-0247 

0*0253 

3 

0*0247 

0*0229 

0*0237 

4 

0*0264 

0*0253 

0*0276 

5 

0-0264 

0*0249 

0*0279 

6 

0*0289 

0*0271 

0*0300 


Heart rate 200 per min. Stimulation at vortex of left ventricle, endocardial surface. Vagi cut. 


Acetylcholine 


Exp. 3.7.18. 1 

0*0305 

0*0342 

2 

0*0349 

0*0328 

3 

0*0226 

0*0243 

4 

0*0319 

0*0307 


Heart rate 175 per min. Stimulation at dorsal siuface of left ventricle. Vagi cut. 

Acetylcholine 


Exp. 3.8.4. 1 

0*0319 

0 0325 

2 

0*0265 

0-0243 

3 

0*0349 

0-0335 

4 

0-0433 

0-0415 

5 

0*0305 

0-0334 

6 

0*0473 

0-0474 


Heart rate iOOpermin. Stimulation at vortex of left ventricle, endocardial surface. Vagi cut. 
♦ See diagrams at bottom of Table I. 
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branches, must have passed in addition through muscle and Purkinje 
tissue from the point of stimulation on the surface of the left ventricle 
to the recording electrode on the surface of the right ventricle. ISlo con¬ 
clusions therefore can be drawn in respect of the influence of A>agal 
stimulation upon conduction through the bundle branches until it can 
be shown that such stimulation has no influence upon conduction through 
ventricular muscle or Purkinje tissue. Many of the positions on the 
contralateral ventricle, however, are activated by impulses which have 
travelled through muscle and, in all probability, Purkinje tissue. As 
these measurements are iinaifected by vagal stimulation (Table III), it 
is reasonable to conclude that the stimulation has no influence upon 
conduction through these two tissues. There is, however, additional 
evidence. One of us [Drury, 1923], using a method which allowed the 
rate of conduction through ventricular muscle to be measured, was 
unable to find that vagal stimulation had any influence. Recently we 
have carried out direct observations upon the effect of vagal stimulation 
on conduction through ventricular muscle and Purkinje tissue combined. 
The method used has been to test the rate of conduction through a long 
stretch of right ventricular muscle. If a suflicient length of muscle is 
taken, owing to the high rate of conduction through Purkinje tissue com¬ 
pared to that through muscle, the impulse reaches the distant parts more 
quickly by passing inwards to reach the Purkinje tissue and outwards 
again through muscle, than by travelling through muscle alone [Lewis and 
Rothschild, 1914]. This pathway will be chosen if the distance is more 
than twice the thickness of the muscle -wall. We have therefore stimulated 
the right ventricle and placed one pair of recording electrodes close to the 
point stimulated, and another pair at a distance away greater than twice 
the thickness of the muscle. In such circumstances we are unable to find 
that vagal stimulation has any influence upon the rate of conduction. 

Prom these experiments it is safe to conclude therefore that vagal 
stimulation does not influence either conduction through ventricular 
muscle and Purkinje tissue or through the bundle branches. There is 
one position in the path travelled that we have been unable to test. We 
have no evidence of the influence of vagal stimulation upon the crossing 
of the impulse from the left to the right bundle branch. It might be 
argued that the vagal effect was to slow conduction in the bundle and to 
speed up the crossing of the impulse from the left to the right bundle 
branch. The fact that our measurements remain undisturbed renders 
such an explanation extremely unlikely, for the two effects would scarcely 
counterbalance one another so precisely. 
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During a series of left ventricular extrasystoles the ventricular com¬ 
plexes in lead II are unchanged by vagal stimulation; they are, in fact, 
siiperiniposable in every way. This, in itself, is evidence that there has 
been no disturbance of conduction. Careful measurement of the extra- 
systolic curves from lead II before and after right bundle branch section 
shows that the duration of the complex is usually increased by about 
0*01 sec., the q.b.s. group being slightly widened. The activation of those 
positions supplied by impulses travelling by the bundle branches is de¬ 
layed by about 0-01-0-02 sec. when the right bundle branch is sectioned, 
so that the observed increase in duration of the complex agrees very 
closely. In some experiments, however, we can detect no appreciable 
change in the curves before and after branch section. Although, therefore, 
the fact that vagal stimulation has no influence upon lead II may be taken 
as evidence that the conduction through the bundle branches is undis¬ 
turbed, it is to be noted that the change produced by section of the 
right bundle branch is often very slight. 

The region at which the impulses pass from the left 
to the right branch of the A.-Y. bundle. 

When an extrasystole is forced from the left ventricle and the excita¬ 
tion wave travels to the right ventricle by means of the bundle branches, 
it must cross at some region from the fibres which lead from the left 
ventricle to those which lead to the right ventricle. Experiments of the 
type already described give some idea of the region at which impulses 
can so pass. 

In Exp. 3.7.28 the animal exhibited a condition which is occasionally 
seen. When the left ventricle was driven by rhythmic shocks at a rate 
slightly above that of the natural rhythm the impulse completely failed 
to pass to the auricle, complete retrograde heart block being present. 
In addition, when an auricular beat occurred at a suitable moment 
during the extrasystolic rhythm, it passed readily to the ventricle, and 
gave rise to a supraventricular response, thereby disturbing the extra- 
systolic rhjrfchm. There was no indication of any degree of forward heart 
block. This disturbance to the extrasystolic rhythm was obviated in the 
experiment in question by driving the ventricle and auricle simul¬ 
taneously. 

When the time measurements in the experiment in question are con¬ 
sidered, it is seen that the excitation wave arrives at the surface of the 
right ventricle in much the same time as in experiments in which no 
retrograde heart block was seen (Table III). This is true for positions 
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wliicli are known to have been activated by excitation waves passing 
throiigli the right bundle biancii. It may therefore be concluded that 
the impulse liberated in the left ventricle passed through the bundle 
branches without any abnormal delay, and crossed below the place at 
which the retrograde heart block occurred. 

In Exp. 3.7.11 the a.-v. bundle was cut, and complete heart block 
resulted. At post-mortem, the cut was found to be 2 mm. deep and 
5 mm. long and was situated in the long axis of the heart, about 1-0 cm. 
to the left of the opening of the coronary sinus, and at the same level 
The activation of positions on the right ventricular surface was un¬ 
influenced by the section (Table IV). It is not possible to say which 

Table IV. Time in seconds of activation of right ventricular surface relative to main 
ventricular deflection in lead II during a series of left ventricular extrasystoles. 
Influence of (a) section or clamp of main bundle and (6) section of right bundle branch. 





Alain bundle 


Position* 

iMormai 

destroyed 

Branch cut 

Exp. 3.7.11. 

i 

0*0368 

0*0376 

— 

2 

0*0357 

0*0311 

— 


3 

0*0242 

0*0294 

— 


4 

0*0417 

0*0424 

— 



Heart rate 230 per min. Vagi cut. 


Exp. 3.S.4. 

2 

0*0319 

0*0306 

0*0401 



Heart rate 190 

per min. Vagi cut. 


Exp. 3.10.13. 

3 

0*0209 

0*0213 

0*0290 



Heart rate 220 per min. Vagi cut. 

* See diagrams at 'bottom of Table I. 



positions were activated by impulses passing through the right bundle 
branch, as this was not cut in this experiment. It is reasonable from 
our observations to assume that some of the positions were so activated. 
As all the time measurements remain undisturbed, it is evident that the 
passage from the left to the right bundle branch occurred below the section. 

In Exps. 3.8,4. and 3.10.13 the bundle was compressed with a clamp 
and complete heart block produced. At post-mortem bruised areas about 
0*8 cm. long and 0'3 cm. wide, roughly corresponding to the size of the 
blade of the clamp, were found situated about 3 and 5 mm. respectively 
to the left of the opening of the coronary sinus and at the same level. 
The times of activation of positions on the right ventricle, which were 
found later by right bundle branch section to have received their im¬ 
pulses by the right bundle branch, were undisturbed by this procedure 
(Table IV), It is evident also from these experiments that the impulse 
must have crossed from the left to the right bundle branch at a position 
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close to the bifurcation, as although the main pressure of the clamp is 
exerted at its point of application, a definite though lesser pressure must 
be exerted a distance away. The precise position at which an impulse can 
cross is not to be decided by such experiments, but it is certainly well 
below the a.-v. node itself. 


Discussion. 

Although it is possible, in some of the recorded instances, that the 
aberrant ventricular beats which are in apparent response to supra¬ 
ventricular stimuli are in reality ventricular escaped beats which coin¬ 
cide in time with the expected supraventricular beats, it. is not easy to 
offer this explanation in all cases. Moreover, aberrant beats are seen 
when the septal branch of the left coronary artery is ligated [Kahn, 
1911; Lauterbach, 1928]. We feel therefore that supraventricular 
stimuli are capable of giving rise to aberrant ventricular complexes under 
certain conditions. The simple explanation suggested by Einthoven 
and Wieringa [1914], namely, that the vagus nerves influence conduc¬ 
tion in the bundle branches, and that their influence is sometimes exerted 
more strongly upon one branch than the other, so that the impulses 
reach one ventricle before the other and give rise to aberrant ventricular 
beats, is not supported by our observations. In fact our results show so 
clearly that stimulation of the vagus nerves, either by faradization in 
the neck or by the injection of acetylcholine, has no influence upon 
conduction in the bundle branches, that the explanation can no longer 
be accepted. 

Two other possible explanations suggest themselves. The first is that 
the supraventricular impulses pass into right and left bundle branch 
tracts at a position in the bundle below which no crossing is possible, 
and this differentiation occurs at a region where vagal stimulation slows 
down conduction. If the vagal action is unequal, aberrant ventricular 
beats will occur. On this theory also, the impulses which pass upward 
through one branch will not be expected to cross to the other until they 
reach the region above that at which differentiation into two separate 
tracts occurs and where the vagus nerves slow down conduction. We are 
unable to find any evidence that the impulses are slowed. Moreover, 
we find that those impulses passing upward through the left bundle 
branch can cross to the right at relatively low levels. On these grounds 
we feel this explanation is untenable unless it is accepted that impulses 
travelling from the auricle to the ventricle are unable to cross at the 
same low levels as those which cross from branch to branch. 
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Tlie second is that the junctional tissues {i.e. node, bundle and 
branches) between auricle and ventricle conduct with a decrement. 

This is evidence that conduction with a decrement occurs in damaged 
auricular muscle [Drury, 1925; Drury and Andrus, 1924]. It also 
occurs during the period of recovering conduction in normal auricular 
muscle [Drury and Regnier, 1929]. It has not been noted in normal 
auricular muscle after full recovery of conduction has taken place, as 
the method of experiment available does not allow of either proof or 
disproof. Schmitt [1928] has demonstrated decremental conduction in 
strips of turtles’ ventricular muscle poisoned with potassium chloride. 
Decremental conduction through the junctional tissue is strongly sug¬ 
gested by the work of Lewis and Master [1925] on heart block produced 
by vagal stimulation, asphyxia and quinidine. There is considerable 
evidence that decremental conduction can occur over long stretches of 
cardiac tissue in contradistinction to nerve where it is limited to very 
short stretches [Edwards and Cattell, 1927]. 

Conduction through a decremental area can be disturbed in two ways, 
the gradient -of decrement may become more steep or the strength of 
the impulse entering the region may be weakened. Schmitt [1928] 
has shown if an impulse entering a region of constant decrement is 
weakened, it travels with greater difficulty. Vagal stimulation does not 
disturb conduction through the bundle branches so that it must be 
concluded that it does not change the gradient of decrement in this 
region. If, however, it increases the gradient of decrement at the higher 
levels, or decreases the impulse strength (i.e. the ability to pass through 
a region of disturbed conduction), then the impulse will be below normal 
strength when it arrives at the bundle branches. A local condition con¬ 
stantly present, and not connected with vagal stimulation, may steepen 
the gradient more in one branch than the other, so that the weakened im¬ 
pulse wuU be relatively more delayed in one branch than the other or 
even run to extinction, while a normal impulse would pass without 
difficulty^. 

In those conditions in which complete vagal heart block is present, 
and the idioventricular beats are abnormal, we feel that the more likely 
explanation is that the impulses arise in the bundle above its bifurcation 
and are subject to decremental conduction rather than that they arise 
in a bundle branch. 

^ Recent observations made by ns lend support to this conception. 
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SUMMAKY. 

1. The order of activation of the right ventricular surface during a 
series of left ventricular extrasystoles is similar to but not identical with 
that found during a normal rhythm. 

2. Wherever the left ventricle is stimulated some positions on the 
right ventricle are activated by impulses which travel through muscle, 
others by those which travel through the bundle branches. 

3. Vagal stimulation has no influence upon the spread of these im¬ 
pulses, whether they are travelling through muscle or through the bundle 
branches. It is concluded therefore that vagal stimulation does not 
disturb conduction in the branches of the a.-v, bundle. 

4. The relation of this finding to the aberrant ventricular beats seen 
during vagal stimulation is discussed. 
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THE BIOLOGICAL SIGNIFICANCE OF THE LINKAGES 
IN ADENOSINE TRIPHOSPHORIC ACID. 

By J. H. GILLESPIE. 

{From the Department of Physiology, Queen's University, Belfast.) 

{Received August 28, 1933.) 

Fob some years before 1929 interest liad been aroused in tbe adenyl 
group of compoimds by tbe recognition of the important part played by 
them in the glycol}d3ic processes of muscular activity. Since then, addi¬ 
tional significance has been attached to them because of the demonstra¬ 
tion by Drury and Szent-Gyorgi [1929] of certain characteristic 
biological actions. After having studied the activity of simple saline 
extracts of cardiac muscle, they isolated from the trichloroacetic acid 
extract of bullock’s heart a crystalline substance which their analysis 
showed to be adenylic acid. This acid was undoubtedly derived from the 
adenosine triphosphoric acid (a.t.p.) present in the original extract. 

They found that adenylic acid produced a typical heart block in the 
guinea-pig, dilatation of the coronary arteries, lowering of blood-pressure 
in the dog, and diminution in the amplitude of contraction of isolated 
strips of intestine. 

Lindner and Rigler [1930] found that extracts of the sinus, node of 
Tawara, and bundle of His from the calf’s heart, prepared in a manner 
not specified, stimulated an hypodynamically acting frog’s heart. They 
attempted to fractionate their extracts, and eventually prepared a sub¬ 
stance which dilated the coronary arteries in the mammalian heart, and 
had no effect on the frog’s heart. This substance they found to contain a 
pentose and a purine base. 

Work of this nature, including that of Rigler and Schaumann 
[1930] and of Rothmann [1930], began to make it clear that the bio¬ 
logical activity of many of the tissue extracts which had been ^udied by 
earlier workers was really due to their adenosine content. 

Zipf [1930] showed clearly that the depressor substance which can 
be isolated from defibrinated blood, and which had been described by 
Freund [1920] as **Fruhgift,” was adenylic acid. 
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Bennet and Drury [1931] further investigated the production of 
heart block in the guinea-pig by injection of the adenyl compounds, and 
concluded that the amounts required to produce block were independent 
of the presence of other substances, and therefore might be used as a 
method for the biological assay of the adenylic acid present in tissue 
extracts. Adenylic acid was thus recognized in nearly all tissues, especially 
in heart and voluntary muscle. 

Wedd [1931] investigated the action of adenosine and allied com¬ 
pounds on the coronary flow of the perfused rabbit’s heart. He noticed 
the difficulty of correlating this action with, that upon the musculature of 
the heart, which he concluded must be of a different nature. The maximal 
dilatant effects could be obtained with amounts which caused little or no 
cardiac slowing. He also noticed that adenosine was a more powerful 
coronary dilator than adenylic acid obtained from muscle or yeast. 

Hochrein and Keller [1931] compared various tissue extracts by 
their effects on the blood-pressure and the electrocardiogram, and con¬ 
cluded that the active principle of most of them was the same, but no 
details were given regarding the chemical nature of the active substances. 

Subsequently, Drury [1932 a] revised his view that deamination was 
the essential factor in the activity of the adenyl compounds, and he at¬ 
tempted to explain the effects as partly due to the presence of phosphate 
radicles in the molecule. He found, for example, that orthophosphate 
increased the amplitude of the mechanogram, while pyrophosphate first 
decreased and then increased it. Both forms of inorganic phosphate, how¬ 
ever, reduced the coronary flow. Drury therefore supposed that the beat 
might be influenced by (1) the adenyl complex acting on the coronary 
vessels, and (2) the phosphate radicles acting on the musculature. This, 
however, is not sufficient to account for the fact that adenylic acid and 
even adenosine may produce heart block indistinguishable from that 
caused by a.t.p. Moreover, in producing effects with inorganic phos¬ 
phates, Drury had to employ doses far outside the range of those used in 
the case of the adenyl derivatives, so that the effects are scarcely com¬ 
parable. 

Ostern and Parnas [1932] estimated the adenosine content of 
various tissue extracts by perfusion of the ffog’s heart. They stated that 
a.t.p. was three times as active as adenosine, judging by the time taken 
for heart block to develop. Deuticke [1932] compared the activities of 
the adenyl compounds on the virgin guinea-pig’s uterus. Following a 
short latent period, contraction was caused by adenosine, adenylic acid, 
and a.t.p. m well as by yeast adenylic acid and a related nucleotide 
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recently isolated by E mb den from the heart. He emphasized that the 
maximiim height of contraction was reached more rapidly with substances 
which contained more phosphorus in their molecule. 

Mar con [1932] examined the cause of the lowering of blood-pressure 
by adenosine, and found that it was evidently largely due to dilation of 
intestinal and peripheral vessels. The volumes of the spleen and kidney 
were at the same time diminished. 

Gaddum and Holtz [1933] tested adenosine, adenylic acid, and 
a.t.p. on the vessels of the lung. They found the cat more sensitive than 
the dog: in both, constriction occurred, with fall in lung volume. 

There is, therefore, a considerable accumulation of knowledge about 
the biological actions of adenyl compounds, which ought to make possible 
a definite statement as to their role in the activity of any given tissue 
extract. Unfortunately, the substances tested by most of the authors 
quoted have been obtained from widely divergent sources, and it is 
difficult to correlate the changes which occur in the biological activity 
of the adenyl compounds with variations in their chemical constitution. 
For example, Drury suggested that ease of deamination is not the essen¬ 
tial factor in their biological activity from a comparision of yeast adenylic 
acid and muscle adenosine. The former cannot be deaminated by enzymes, 
while the latter can, although only with difficulty, and under special 
conditions. In several of the papers the exact source of the compound 
tested has not been stated. 

A series of experiments was therefore carried out using the various 
derivatives from the same mother substance, the naturally occurring 
adenosine triphosphate of skeletal muscle. This substance was prepared 
from rabbits’ muscle as a calcium salt. The distribution of the phosphorus 
per mg. dried salt was as follows: 

Free (inorganic) phosphorus Nil 

Labile P hydrolysable in 10 min. 0*096 mg. 

Total P liberated by total hydrolysis 0*143 mg. 

The ratio of labile to stable phosphorus is the theoretical one of 2 to 1 
and the N: P ratio was found to be the theoretical one (5 : 3). 

As the changes most easily produced in the natural nucleotide are 
deamination and the removal of the two labile phosphoric acid molecules, 
it is necessary to compare the biological activities of adenosine—and 
inosine—^triphosphoric acids (a.t.p. and i.t.p.), and of adenylic and ino- 
sinic acids respectively. It is evident, however, from the earlier work, that 
so long as the pentose linkage with adenine is retained, certain of the 
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characteristic effects produced by the adeuyl derivatives are still ob¬ 
tainable even when the ester linkage between the sugar and phosphoric 
acid has been broken. Although doubts have been expressed regarding 
the possibility of the removal of NHg from a.t.p., it is possible to obtain 
i.t.p. by nitrous acid deamination. The body so formed has a ihT: 3P 
ratio and retains the two labile phosphoric acid molecules. Adenylic and 
inosinic acids may be readily obtained by weak alkaline hydrolysis of 
a.t.p. and i.t.p. respectively. Adenosine may be obtained in the usual way 
by alkaline hydrolysis at 170°, while the purine-pentose linkage can be 
readily broken by acid hydrolysis. 

For purposes of injection, salts were used which were obtained either 
as hydrolysed solutions of a.t.p., analysed for their content of the de¬ 
rivatives, or in the dried purified form, made up to the required watery 
dilution. In the former case, the procedure was briefly as follows. 

A weighed amount of the pure a.t.p. was suspended in the hydrolysing 
solution, and heated in sealed glass tubes. When it was desired to obtain 
adenylic acid as the sole derivative of alkaline hydrolysis, the water was 
made sufficiently alkaline to neutralize the two labile phosphoric acid 
molecules which would be set free. The tubes were then heated at 100 ® C. 
for 2 hours. The hydrolysed solution showed on analysis that the rise in 
inorganic phosphate was fully accounted for by the liberation of the labile 
H 3 PO 4 , without encroachment on the stable H 3 PO 4 of the adenylic acid 
molecule. 

It was thus easy to obtain the adenylic acid content of the solution, 
which also contained the labile H 3 PO 4 of the original a.t.p. in the form of 
inorganic phosphate. In experiments carried out for the purpose, it was 
found that this inorganic phosphate was quite inactive in the amounts 
in which it occurred in the hydrolysed solutions. 

When it was desired to obtain adenosine by hydrolysis, a weighed 
amount of a.t.p. suspended in 16 p.c. ammonia was heated at 170® C. for 
2 hours. Analysis showed that this procedure set free all three H 3 PO 4 
molecules and, since the glucoside linkage remains unbroken under these 
conditions, it could reasonably be assumed that the solution contained 
only adenosine plus inorganic phosphate. 

The ammonia used in the solutions was removed by aeration, and the 
reaction was brought to 7-3 by a few drops of dilute hydrochloric 
acid. 

Inosine triphosphate was prepared by deamination of a.t.p. with 
nitrous acid, and the doses referred to in the text were the weights of 
pure dry sodium salt used for injection. The salt may have had some very 
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sligM admixture with, non-deaminated a.t.p., but the ratio of K to P was 
approximately 4 : 3 instead of 5 : 3. 

Inosinic acid was also used after separation as a pure barium salt, 
prepared in the laboratory after the method of 0stern. For some con¬ 
firmatory tests, a sample of pure dry barium inosinate, kindly sent by 
Dr Levene, was also used. In all cases the barium was removed before 
the salt was used biologically, the sodium salt being that employed. 
Adenosine was also tested in the form of "'Lacarnol/’ kindly supplied by 
Messrs Bayer. Contrary to the statement of Rothmann [1930] we 
found on repeated analysis that the lacarnol in our possession was 
phosphorus-free, and therefore could not be a nucleotide. Whatever other 
components it may contain, adenosine can be recovered from it in practi¬ 
cally pure form. 

The actions of the salts on different test objects will now be described 
in order. 

Blood-pbessure. 

(1) Adenosine tnjphosphate and inosine triphosphate. 

The rabbit was largely used, but occasionally also the cat, the actions 
in the two animals being very similar. The blood-pressure was measured 
by a cannula tied in the carotid artery, and injection was made slowly 



Rg. 1. Effect of injection of 0-1 mg, adenosine tripliospliate on cat’s blood-pressure. 
On repetition of the injection, the blood-pressure rise alone is seen. 


into a cannula in the jugular vein. The time taken to inject was gauged 
so as not to affect the blood-pressuxe, and was about 7 sec. 

The usual fall in blood-pressure follows injection of both these sub¬ 
stances, but so long as the labile phosphoryl linkage is retained in the 
molecule, there is frequently to be seen a transient rise in pressure pre¬ 
ceding the fall. These effects persist after atropinization. 
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A typical example may be given (Fig. 1). On injection of 0*1 mg. of 
adenosine triphosphate into the jugular vein of a cat after a latency of 
7 sec., there was a rise in pressure of 20 mm. of mercury, followed at once 
by a fall of 18 mm. below the normal level. When a second injection is 
given rapidly after the first one, the rise in blood-pressure alone may be 
obtained. 

The deaminated derivative is much less active, and doses five to ten 
times as great as those used with the mother substance are necessary to 
produce the effects. But the transient rise and subsequent fall are both 
evident when sufficient amounts (say 1 mg. of the dried salt) are injected. 

(2) Adenylic acid and inosinic acid. 

The well-known fall in blood-pressure was seen following injection of 
adenylic acid, but rarely with any evidence of the initial rise, which 
generally appears to indicate the presence of the labile phosphate in the 
molecule. After deamination the same decrease in activity is to be ob¬ 
served as in the case of the mother substance. Inosinic acid resembles 
adenylic acid in producing only the fall in pressure. The most inactive 
specimen of inosinate was that prepared by Dr Levene, which only pro¬ 
duced a very slight fall in doses of 2 mg. Bennet and Drury [1931] 
described inosinic acid as quite inactive in their experience. 

(3) Adenosine, 

The typical fall in blood-pressure was obtained after injection of 
0-1 mg. of pure adenosine and, judging by the duration of the fall, it ap¬ 
peared to be the most active of all the non-deaminated derivatives. 

(4) Adenine and hypomnthine. 

These were tested after neutralization of the acid hydrolysed solutions 
of adenosine and inosine triphosphate. They were alwajj's found to be 
inactive. 

Heart. 

Rabbits’ hearts were perfused using a modification of Gunn’s ap¬ 
paratus, the coronary flow being estimated by allowing the fluid to fall 
into a bucket which tipped when it contained 1*5 c.c. In order to con¬ 
struct suitable graphs to show the relative activities of the various bodies 
as coronary dilators, the reciprocal of the time taken for 1*5 c.c. to per¬ 
fuse was used as a measure of the rate of flow. The rate measured before 
injection of the drug was taken as 100, and the increase in this rate during 
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every second following injection was calculated as a percentage. Tke 
figures so obtained were plotted in the manner seen (Eig. 2), and all the 
graphs shown were constructed from the average figures of numerous 
experiments. 






Pig. 2. Graphs showing the percentage increase in coronary outflow in perfused rabbits’ 
hearts after injection of adenyl derivatives. 


(1) Adenosine triphosphate mid inosine triphosphate. 

When 0*2 mg. of a.t.p. was injected into the side-piece of the cannula 
there was a latent period of 7 sec., after which an increase in the flow 
commenced which reached its maximum in 19 sec. The maximum increase 
was 26 p.c. above the normal, and in 33 sec. the flow had almost returned 
to normal. Yery similar figures were obtained, using i.t.p., except that 
about ten times the dose was necessary to produce the effect. The graph 
is not shown because only five experiments were carried out with this 
drug. 

Some workers have described improvement of the action of the heart 
by the adenyl compounds, while others only mention inhibition. This 
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appears to be because tbe action on the musculature and conducting 
system is really always depressant, while' the improvement in the beat is 
secondary to the increased coronary flow. The reasons on which this state¬ 
ment is based are the following. 

(1) In the mammalian heart, since the dose required to produce 
blocking of conduction is greater than that which will dilate the coronary 
vessels, it is sometimes possible to obtain an improvement in amplitude 
with a small dose, and the reverse effect with a larger dose. This is seen 
in Fig. 3, where injection of 0-1 mg. of adenosine triphosphate induced a 
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Fig. 3. 0-1 mg. adenosine triphosphate produced “heart block,’' while in the 
same heart 0*01 mg. dilated the coronary vessels and improved the beat. 

“heart block,” •while in the same heart a dose of 0*01 mg. dilated the 
coronary vessels and improved the beat. Unfortunately a record of the 
coronary output -was not kept in this case. Some of the improvement in 
amplitude in this record is doubtless due to the increased rate of beating, 
as pointed out by Dale. 

(2) An increase in amplitude of the beat -was only seen after the 
coronary outflow had been increased. The improvement followed a short 
latent period during which there was no coronary dilatation, or the bene¬ 
ficial effects of the dilatation had not been felt. Duriug this period the 
“blocking” effect might appear (Pig. 4). 

(3) In a heart where the coronary arteries were already fully dilated 
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no increase in amplitude of the beat has been seen to follow injection of 
the adenyl compounds. 

(4) In the course of a large number of experiments in which the frog’s 
heart was perfused with the Straub-Fiihner cannula the adenyl com¬ 
pounds were always seen to produce interference with conduction of the 
beatj and diminution in amplitude, and never an improved action of the 
heart. 

It may here be mentioned that a.t.p. was the most active of the adenyl 
group in producing heart block in the frog’s heart. 



Pig. 4. The typical eSect of adenosine triphosphate on the perfused mammalian heart. 

The typical action of a.t.p. on the mammalian heart is seen in Fig. 4. 
This shows the combination of the blocking which is a direct action on the 
conducting system, and the improvement in the beat following the in¬ 
creased coronary flow. In this case there is very little alteration in the 
rate of beating, and any increase which there may be is not sufficient to 
account for the improved amplitude. 

A similar picture, using ten times the dose of a.t.p,, is given by i.t.p. 

(2) Adenylic acid and inosinic add. 

The dilatation of the coronary vessels produced by adenylic acid re¬ 
sembles that caused by a.t.p. (Fig. 2), except that the increase in flow 
began 3 sec. earlier, and after 35 sec. was still 8 p.c. above the original 
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value. TMs may be taken as evidence of somewliat greater dilatant 
activity. 

Tke grapli obtained with sodium inosinate is very similar, but the 
effective dose was 3 mg., while 0-2 mg. was the dose employed with, the 
non-deaBiin.ated compounds. 

Adenyhc acid and inosmic acid both produce heart block in the per¬ 
fused amphibian and mammalian heart, but the loss of the labile phos¬ 
phate from the molecule causes a loss of activity in this respect, as 
compared with a.t.p. and i.t.p. The criteria of this were the duration of 
the block in the rabbit’s heart, and the time taken for the block to develop 
in the frog’s heart. 

(3) Adenosine, 

Removal of both labile and stable phosphate groups from the mole¬ 
cule of adenosine triphosphate still further increases the dilatant activity 
upon the coronary arteries. Thus the most active of our series was found 
to be the adenosine prepared by alkaline hydrolysis (Fig. 2). The increased 
flow begins after 1 sec., reaches 52 p.c. above the normal in 12 sec., and 
after 35 sec. is still 22 p.c. above normal. 

Using the same criteria as in the case of adenylic acid, adenosine 
appears to be the least active of the series in producing heart block. If 
its action in the intact animal be similar, this may help to explain the 
clinical popularity of adenosine, since it has the greatest margin of safety 
between the dose which dilates the coronary vessels and that which 
produces heart block. Nevertheless, Honey, Ritchie and Thompson 
[1930] have described dangerous interference with conduction in the 
human heart following intravenous injection of 50 mg. of adenosine. 

(4) Adenine and hypoxanthine. 

These were quite inactive on amphibian and mammalian hearts. 

Isolated small intestine. 

(1) Adenosine triphosphate and inosine triphosphate, 

A.t.p. has a unique action on the small intestine which does not 
appear to have been mentioned in the literature. Like the other adenyl 
compounds it produces a fall in tone in concentrations as low as 1 in 
500,000. But in many cases, and specially if the tone be initially low, it 
produces and maintains a subsequent rise in tone (Fig. 5). This increase 
in tone is sometimes very striking, and has been seen in a gut which 
showed no sign of life until the a.t.p. was added to the solution. 
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During the action of the drug the rate of contraction is not affected 
and, with the general increase in tone, the amplitude of the single con¬ 
tractions is decreased. Usually slightly higher concentrations (say 1 in 
50,000) are required to bring out the tonic effect. 

Lt.p. inhibited the gut in concentrations ten times as great as those in 
which the mother substance was active, but was never seen to produce 
increase of tone. 



Fig. 5. Increased tone caused by adenosine triphosphate acting 
on small intestine in concentration of 1 in 50,000. 



Fig. 6, A, Shows the inhibition followed by increase in tone of the intestine caused by 
» a.t.p. in a concentration of about 1 in 10,000. Time=5 sec. B. Shows how after hydro¬ 
lysis in neutral solution (adenylic acid being formed) only the inhibition appears. 


(2) Adenylic acid and inosinic acid, 

Eemoval of tie labile pbospbatefcom tie molecule of a.t.p. leaves tie 
power of inhibiting the gut slightly weaker, while the subsequent in¬ 
crease in tone is no longer to be observed except very rarely with larger 
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doses. Comparison of Fig. 6 A and B sho^vs how hydrolysis brings about 
this alteration in activity. 

Inosinic acid gave results similar to adenylic acid in doses five times 
as great, only the inhibition of the gut being seen. 

(3) Adenosine, 

Adenosine inhibits the gut in concentrations of 1 in 50,000. It is the 
least active of the non-deaminated adenyl derivatives in this respect. It 
has only once been seen to produce increase in the tone of the gut, and 
that was with an imusually excitable specimen. 

(4) Adenine and Jiypoxanthine. 

These substances showed no action on the gut. 

Uterus. 

The isolated virgin guinea-pig’s uterus was used after the technique 
of Sawasaki [1925], as recommended by Deuticke [1932]. 

(1) Adenosine triphosphate and inosine triphosphate. 

With a tension of 6 g. on the cornu, a.t.p. produces tonic contraction 
in concentrations of 1 in 500,000, or even less. The action does not appear 
to be as completely reversible as Deuticke suggests.. Often the cornu 
starts to contract at a high level of tone after the specific action of the 
substance has passed off, and it is difiScult to abolish these rhythmic con¬ 
tractions even by washing out the fluid. Since the uterus must be quiescent 
before a test can be made, the contractions may make it impossible to use 
the same preparation for testing a second specimen. 

• I.t.p. must be present in ten times the concentration of a.t.p. before 
it can produce increase in tone. 

(2) Adenylic acid, inosinic acid, and adenosine. 

Removal of phosphate from the molecule decreases the activity of 
these compounds on the uterus, so that a.t.p. is the most active of the 
non-deaminated series, and adenosine the least active. 

Inosinic acid appears to have abont one-tenth the activity of adenylic 
acid on this test object. 

(3) Adenine and hypoxanthine. 

These showed no activity on the uterus. 
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Some experiments were made in order to discover whetlier the 
adeiiyl compounds are freely dialysable in active form from the tissues 
where they naturally occur. Analyses of the fluids inside and outside a 
collodion tube containing a saline muscle extract, which had been allowed 
to dialyse against a Einger-Locke solution for varying periods, showed 
that equilibrium was reached in the case of the adenyl compounds in 
about 2 hours, and that this time was unaffected by the presence of the 
colloid material in the muscle extract. Of course, if the glycolytic ferment 
were not inactivated by boiling, the ordinary enzymic changes would go 
on in the extract, and the a.t.p, would lose at the least some of its labile 
phosphate before it could escape into the outer fluid. 



Fig. 7. A. Shows the effect of adding 0*2 c.c. of a 2 hours’ dialysate of fresh saline extract 
of rabbit’s muscle to 15 c.c. Binger-Locke solution in which intestine was contracting. 
Timers: 5 sec. B. Shows the effect of adding 0-2 c.c. of a dialysate of a similar extract 
in which ferment changes had been inhibited by boiling. 

Nots the much stronger activity seen in B. 

The figure shows that, in the extract in which ferment action had been 
checked by boiling, the adenyl compounds can escape in biologically 
active form (Fig. 7}. It is therefore possible that they may do so in the 
living animal, and, as we have pointed out, Zipf [1930] has shown clearly 
that the action of defibrinated blood plasma in lowering blood-pressure 
is due to its content of adenylic acid, which must consequently be always 
present there in small quantities during life. 

The question thus arises as to whether the biological activities which 
the adenyl bodies show under experimental conditions have any counter¬ 
part in their normal activity ip: the living animal. 

At the present time we can do no more than guess at the answer to this 
•question. If we consider broadly the actions of aU these compounds, two 
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facts are made fairly clear. In the first place complete loss of biological 
activity does not occur until the pentoside linkage in the molecule has 
been broken down. This has been pointed out recently by 0stern and 
Mann [1933], who note that the presence of phosphate in the molecule 
is not essential for the possession of biological activity. These authors say, , 
however, in common with most workers, that deamination of the sub¬ 
stances inactivates them completely. This we do not believe to be always 
the case. In fact, as far as we can see, the adenyl compounds never be¬ 
come completely inactive in the tissues, since deamination and removal 
of the phosphate is the greatest amount of destruction which they are 
likely to undergo. 

But it is true in the second place that these compounds do suffer 
changes which very markedly alter their biological activity, and these 
changes occur constantly during muscular activity. The addition of 
phosphate to the molecule increases the activity of the compounds where 
tonic and muscular effects are concerned. Examples of this are the effects 
seen on the heart muscle, the intestine, and the uterus. 

On the other hand, the removal of phosphate from the molecule 
seems to increase the activity of the substances as regards ability to dilate 
blood vessels. This has been seen in the case of the general blood-pressure, 
and most strikingly in that of the coronary vessels. 

Possibly the tonic properties of the a.t.p. are made available for the 
muscle during anabolism and rest, while the early removal of the labile 
phosphate from its molecule during activity brings into play the more 
powerful dilatant actions of adenyhc acid and adenosine. We should thus 
have a local adjuvant to the vaso-dilatation of activity in the normal 
breakdown products of metabolism. 

It would seem, by reason of the extreme rapidity of all the biological 
actions, that the effects are really produced by alterations in the colloids 
at the surfaces of the cells concerned. A hundredth part of a milligramme 
of a.t.p. which succeeds in dilating one of the coronary arteries as it is 
whirled past at high pressure in a great volume of fl.uid has certainly not 
had time to take part in an elaborate metabolic process. It is this extra¬ 
ordinary rapidity of response, as well as of chemical change, which makes 
the approach to the problem so very difficult. 

Summary. 

1 , Adenosine triphosphate, the naturally occurring adenyl compound, 
is more active than any of its derivatives in producing interference in 
conduction in the heart, and increased tone in the isolated virgiu guinea- 
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pig’s uterus. The removal of phosphate from its molecule does not lessen 
its activity so markedly as deamination. 

2 . A.t.p. has a tendency, which rarely appears in any of its derivatives, 
to increase the tone of the small intestine, after the preliminary depression 
which is also produced by the other active adenyl compounds. Deamina¬ 
tion, and, to a less extent, the successive breaking off of the labile and 
stable phosphate linkages, lessen its depressant activity on the intestine. 

3. Removal of phosphate from the molecule of a.t.p. increases its 
ability to lower blood-pressure and to dilate the coronary vessels. Thus 
the order of activity of the adenyl series is adenosine, adenylic acid, 
and a.t.p. Deamination greatly lessens, but does not destroy, this vaso- 
dilatant power. 

4. A combination of the heart block and coronary dilation may give 
an explanation of some of the inconsistent behaviour of the so-called 
''heart hormones.” 

6 . Biological activity finally disappears from the compounds when 
the pentose is split off from the purine base. 

I gratefully acknowledge the advice and assistance of Prof. T. H. Milroy, given 
throughout the whole of this work. 
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THE EFFECT OF INSULIN AND OTHER FACTORS 
ON lODO-ACETATE HYPERGLYCiEMIA. 

By J. T. IRVING. 

{From the Physiological Department, The University, Bristol) 
{Received November 7, 1933.) 

In a preliminary communication [1932] I showed that iodo-acetic acid, 
in toxic doses, caused a fairly pronounced hyperglycaemia in rabbits. 
This observation has also been made by Neuss[1931] and Hiki j i [1932]. 
In addition, I observed that iodo-acetate was antagonistic in its action to 
insulin. The following experiments have been carried out in an attempt 
to elucidate the basis of this effect. 

Expebiments on the intact animal. 

In all cases the acid ifsed was recrystalhzed from hot petroleum ether 
and melted sharply at 82° C. (uncorr.). The necessary amount was dis¬ 
solved in distilled water and neutralized to phenol red. Control experi¬ 
ments showed that it did not interfere with the method of sugar estimation 
used (Hagedorn and Jensen), even when added to blood in relatively 
large amounts. The animals used were rabbits which had been starved 
overnight, and the injection was subcutaneous. 

Doses of various sizes were employed and were found to produce 
different results. The minimal lethal dose was related to the weight of the 
animal and was 60-70 mg. per kg. body weight. With smaller doses than 
these, no change was noticed. 

With amounts of over 100 mg. per kg., two separate effects were 
observed. One was on the nervous system and consisted in a general 
depression of the higher centres. The rabbits first showed fatigue and their 
chins rested on the fl.oor; this was succeeded by a stage of drowsiness and 
weakness, in which they lay on their sides; finally, after gasping respira¬ 
tions, they died. The other effect was the well-known one of marked 
muscular stiffness and rigor, often supervening before death. At death 
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the animal was usually in complete rigor. With lethal doses of less than 
100 mg. per kg. the muscular effect was not often seen, the other alone 
being marked. The simple glycolytic mechanism of the brain [Ashford 
and Holmes, 1929] appears to be easily affected by small doses of the 
acid. In a few cases the heart was suddenly paralysed, but this often 
occurred after the other symptoms had been present for some time. 



Fig. 1. Influence of iodo-acotic acid on the blood-sugar level. The dosage, in terms of mg. 
per kg., was respectively: No. 1, 50; 2, 70; 3, 80; 4, 120; o, 200. The acid was injected 
at the beginning of the experiment, only No. 1 surviving. 


In all cases except two, if the blood sugar rose, the animal died. The 
same degree of hyperglycsemia occurred with all doses above 80 mg, per 
kg., but with smaller doses it was not usually quite so marked (Fig. 1). 
It thus seemed that some process was set in motion by lethal doses of 
iodo-acetate which led, among other things, to hyperglycaemia. The 
possibility at once presented itself that this was due to interference 
with the centre in the pons which controls carbohydrate metabolism. 

PH. LXXX. 24 
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[Doniioffer and Macleod, 1932] and was caused, in part at least, by 
mobilization of liver glycogen, probably by sympathetic impulses. The 
effects of ergotoxine were therefore tried. 

Efgotfjxine^, This was injected intravenously in 5~6 mg. doses as 
ergotoxine ethanesulphonate, dissolved in dilute acetic acid. The results 
obtained were not as clear-cut as could have been wished, but showed that 
the hyperglycffiinia was either abohshed or considerably reduced. Typical 
figures are given in protocols 1 to 3. It would thus appear possible that 
the hypergiycgemia was due to discharge of glycogen following sympathetic 
stimulation. 

PiPuitrin. Burn [1915, 1923] has shown that pituitrin abolishes 
adrenaline and anaesthesia hyperglycaemia in rabbits, ergotoxine abolish¬ 
ing the former but not the latter. Pituitrin was therefore tried and was 
found completely to abolish iodo-acetate hyperglycaemia, as is shown in 
protocols 4 and 5. 

Exp. 

No. Min, Remarks 

1 0 147 kg. rabbit. 6 mg. ergotoxine injected intravenously. 

25 Blood sugar (cardiac puncture) 0*155 p.c. 

35 200 mg. iodo-acetic acid per kg. injected subcutaneously. 

50 Animal died. Blood sugar 0*139 p.c. 

2 0 2*10 kg. rabbit. 5*5 mg. ergotoxine injected intravenously. 

25 200 mg. iodo-acetic acid per kg. injected subcutaneously. 

85 Animal died. Blood sugar 0*113 p.c. 

3 0 142 kg. rabbit. 6 mg. ergotoxine injected intravenously. 

25 Blood sugar (cardiac puncture) 0*164 p.c. 

30 200 mg. iodo-acetic acid per kg, injected subcutaneously. 

60 Animal died. Blood sugar 0*211 p,c. 

4 0 244 kg. rabbit. 4 c.c. pituitrin injected subcutaneously into right dank. 

20 200 mg. iodo-acetic acid per kg. injected subcutaneously into left flank. 

23 Blood sugar 0438 p.c. 

83 Animal died. Blood sugar 0*102 p.c. 

5 0 2-01 kg. rabbit. 4 c.c. pituitrin injected subcutaneously into right flank. 

15 200 mg. iodo-acetic acid per kg. injected subcutaneously into left flank. 

10 Blood sugar 0-136 p.c. 

56 Animal died. Blood sugar 0*122 p.c. 

Burn [1915] concluded that in rabbits pituitrin acted directly on tbe 
Ever cells, since it abolished anaesthesia byperglycaemia which ergotoxine 
did not do. Since, however, Evans, Tsai and Young [1931] have 
shown that anaesthesia byperglycaemia is almost enticely due to the 

^ I am indebted to Prof. J. H. Burn for much useful information with regard to 
ergotoxine. 
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liberation of adrenaline, it is fair to assume that pituitriii acts like ergo- 
toxine in abolishing the action of the sympathetic on the liver. lodo- 
acetate has no effect on the breakdown of glycogen in slices of isolated 
liver as the figm*es in protocol 6 show. Thus it would seem that the 
hyperglycemia has its origin largely in liberation of liver glycogen, which 
is almost certainly mobilized by the sympathetic. 


Exp. No. Remarks 

6 Effect of iodo-acetate on liver glycogenase. 2 g. of liver were suspended 

in 1 c.c. of water, estimations being done on the whole suspension. 

Initial glycogen content 1-67 p.c. 

Glycogen content after 2 hours’ incubation at 38° C. 0-48 p.c. 

Glycogen content after similar incubation with 1 mg. of (neutral) iodo- 
acetic acid 0-48 p.c. 

Insulin. Although I had previously found that this was antagonistic 
to iodo~acetic acid, in no experiment in which they were both given was 
the minimal lethal dose of the acid altered. Insulin injected in large 
amounts after iodo-acetic acid had been allowed to act in the animal for 
a few minutes did not check the hyperglycaemia. The smallest lethal dose 
of iodo-acetic acid given during deep hypoglycaemia was sufficient to 


Exp. No. Min. 

Remarks 

7 0 

1-91 kg. rabbit. 2 niiits insulin injected. 

125 

Convulsions. Blood sugar 0*048 p.c. 

130 

70 mg. iodo-acetic acid per kg. injected. 

100 

Died. Blood sugar 0*110 p.c. 


raise the blood sugar (protocol 7). A noixed effect was obtained if iodo- 
acetic acid and insulin were injected simultaneously. In most of these 
experiments large doses of insulin were used (6 units). With doses of 
iodo-acetate above 100 mg. per kg. hyperglycsemia developed before 
death and the insulin was without effect. As the dosage of iodo-acetate 
was reduced the action of insulin came to the fore, and, although the 
animal succumbed, no hyperglycsemia, or else hypoglycseinia, was found. 
It was quite plain which drug was exerting an effect, as, when iodo- 
acetate was predominant, no insulin convulsions were seen but solely the 
weakness effect mentioned above, and glucose injections did not save the 
animals. On the other hand, if they went into typical insulin convulsions, 
they would usually recover with glucose. The results are shown graphic¬ 
ally in Fig. 2. The interesting point about them is that there appears to 
be here a peripheral hypoglycsemia insulin effect which is not affected by 

24-2 
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iodo-acetate in toxic doses. Tlie same thing was found in the perfusion 
experiments mentioned later. 

It had been considered at one stage that iodo-acetate and insulin might 
react together and mutually inactivate each other, though this was 
improbable on chemical grounds. This was disproved by mixing small 
amounts of ina nlin with large amounts of iodo-acetate and allowing them 



Fig. ' 2 , The influence of the simultaneous injection of insulin (6 units) and iodo-acetic acid 
(varying amounts) on the blood-sugar level. The blood-sugar values given are those at 
death or the lowest amounts found. 


to stand together for varying lengths of time. On decomposing the iodo- 
acetate with thiosulphate, the insulin was found to be unimpaired in 
activity. 

Peefusion experiments. 

It seemed possible that, in addition to causing hyperglycsemia by 
mobilizing liver glycogen, iodo-acetate might inhibit the utilization of 
glucose in the tissues. In order to investigate this, a series of perfusion 
experiments was undertaken, using rabbits’ hindhmbs. 

250 c.c. of mixed arterial and venous blood were collected from five to 
seven rabbits and defibrinated. Usually a small amount of glucose was 
added. The perfusion was done by gravity at a pressure of 100 mm. Hg. 
From a reservoir the blood entered a glass spiral, where it was heated, 
and then traversed the preparation; the outflow passed through a flow 
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counter and a von Euler and Heymans’ oxygenator [ 1932 ], being 
finally returned to tlie reservoir by a pump worked by band. 

Babbits of about the same weight were used for the preparation. The 
one employed was anaesthetized with urethane (1-25 g. per kg. intra- 
peritoneally), the abdominal aorta was cleaned and the lumbar, inferior 
mysenteric and other arteries in the neighbourhood were ligatured. The 
aorta was opened and a cannula inserted just below the renal arteries. 
The animal was then cut transversely at this level and the cannula con¬ 
nected to the apparatus. The preparation was kept warm by a heated 
plate below and hot-water bottles above and was completely wrapped 
up in a duster. A thermometer was placed between the preparation and 
the hot plate and the temperature there was kept at 40'^ C. As the pump 
and the glass spiral originally contained approximately 50 c.c. of saline, 
the total volume of circulating fluid was 300 c.c. The blood was allowed 
to circulate completely once, and then the first sample was taken and the 
blood sugar determined. The perfusion was allowed to continue for 1 hour 
and a further sample was taken. Usually 1-1|- litres of blood flowed 
through the preparation during that time. It had been hoped to compare 
the sugar utilization in two separate 1 hour periods in the same prepara¬ 
tion, one before, and one after adding iodo-acetate, but it was found that 
though the sugar utilization was fairly constant from preparation to 
preparation during the first hour, it always fell away after that time. It 
was therefore decided to determine the sugar utilization for 1 hour and 
compare those of different preparations. No difficulty was experienced 
with pressor substances. During the first few minutes the rate of flow 
fell owing to vaso-constriction in the preparation, but this never lasted 
longer than 5 min., and after that a uniform rate was obtained. It was 
often noticed that iodo-acetate increased the permeability of the capillary 
walls so that the total volume of blood in the circuit was markedly re¬ 
duced by the end of 1 hour. 

Owing to the expense, not many experiments were performed, but 
sufficient data have been collected to give a definite answer. 

Experiments were first undertaken to compare the sugar utilization 
of the preparation with and without added iodo-acetate. When the acid 
was present, it was in a final concentration (allowing for the water content 
of the preparation) of from 1 : 2000 to 1 : 6000. The results are shown in 
Table I. It will be seen that in five of the six experiments in which iodo- 
acetate was present, the utilization of sugar was considerably depressed. 
Blood glycolysis did not account for more than one-quarter of the sugar 
disappearing in the control experiments. 
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Table I. Sugar utilization of perfused hindiimbs in tiie absence and 
presence of iodo-acetate. 


Cone, of iocio- 

Weight of 

ilg. sugar used 

acetic acid 

preparation 

per kg. limbs 

(neutral) 

g- 

per hour 

_ 

790 

111 

— 

665 

110 

_ , 

954 

68 

Average 96 

O 

S 

777 

37 

1 :2100 

816 

7 

1 :2700 

630 

0 

1 :2200 

700 

27 

i : 3500 

694 

26 

(1 :2200 

847 

85)* 

Average 19 


* TMs value has not been included in the average. 


Furtlier experiments were undertaken in wMcB. insulin was present. 
In each case 5 units were added to the blood before the experiments 
started. The results are shown in Table II. As has been found by many 


Table II. Sugar utilization of perfused hindliinbs in the presence of 
insulin (o units), and the absence and presence of iodo*aeetate. 


Cone, of iodo- 

Weight of 

Mg. sugar used 

acetic acid 

preparation 

per kg. limbs 

(neutral) 

g. 

per hour 

_ 

850 

177 

— 

760 

107 

— 

754 

204 


770 

168 

Average 164 

1 :3600 

742 

113 

1 :2700 

700 

131 

1 : 2800 

718 

13 

1 :2800 

739 

49 

1 : 2900 

798 

113 

Average 84 


other workers, the presence of insulin in the control experiments almost 
doubled the sugar utilization. The results obtained with iodo-acetate in 
this series were not so clear-cut, but served to show that the utilization of 
sugar, though lessened, was not nearly so much inhibited as when insulin 
was absent. This would seem to agree with the results previously referred 
to, in which lethal doses of iodo-acetate in the intact animal did not 
prevent insulin hypoglycsemia. 
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Discussion. 

A perusal of the literature shows that there is little agreement as to 
the fate of the blood sugar in the peripheral tissues, especially where 
insulin is concerned. Best, Hoet and Marks [1926] found that in the 
absence of insulin no glycogen was formed in muscles even if much 
glucose was present in the blood stream, and this has been confirmed by 
Choi [1928] and by Markowitz, Mann and Bollman [1929]. On the 
other hand, Long and Horsfall [1932] found an increase of muscle 
glycogen under these conditions (though more was laid down if insulin 
was present), and Cleghorn and Peterson [1932] found the muscle 
glycogen of decerebrate eviscerate cats to recover after tetanic contrac¬ 
tion. Thus, though it would appear that under the action of insulin the 
increased glucose disappearance is largely seen as glycogen formation, 
with no insulin present the relative amounts of glucose undergoing 
oxidation and storage are not definitely known. 

From the figures of Best, Dale, Hoet and Marks [1926], it is seen 
that under the action of insulin, roughly half the sugar used by the 
muscles was burnt and half stored. The same was found by Cori and 
Cori [1928]. Although it is not safe to argue from so few figures as those 
above, it may be not without significance that the degree of inhibition of 
sugar utilization in Tables I and II is approximately the same, which 
might be interpreted as meaning that in the absence of insulin oxidation 
of sugar alone occurs, and that both in the presence and absence of 
insulin this is the sole mechanism affected by iodo-acetate. 

It is generally considered that iodo-acetate inhibits the formation of 
lactic acid from glucose and glycogen. Recently, however, B r ii c k e [1933] 
has reported that it wdll also prevent the formation of glycogen from 
glucose by yeast. Goldblatt [1933] has also shown that non-lethal doses 
prevent the accumulation of liver glycogen which normally follows the 
administration of adrenaline and insulin in young rabbits, and Hikiji 
[1932] has found that daily injections of small amounts of bromo-acetic 
acid caused, among other things, a disappearance of muscle glycogen and 
death in a few days. It is possible that in my experiments iodo-acetate 
inhibited glycogen formation as well as glucose oxidation. But it does 
not appear to be permissible to argue from this that lactic acid is a 
normal intermediate between blood sugar and muscle glycogen, as it has 
often heen shown that lactic acid in the blood stream cannot be converted 
into muscle glycogen [e.g. Long and Horsfall, 1932; Eggleton and 
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Eva ns, 1930]. Tlie only kno^n possible intermediate is diliydroxy- 
acetone [Kermack, Lambie and Slater, 1929]. 

It is lioped in future experiments to determine by direct analysis, 
using a different type of preparation, to what extent muscle glycogen 
formation is inMbited by iodo-acetate, and if possible wbat intermediate 
compounds are involved. 

Summary. 

1. Lethal doses of iodo-acetate always cause a kyperglycsemia, whicii 
is often marked. 

2. Tills is largely inMbited by ergotoxine and completely annulled 
by pituitriii, without altering the toxicity of the acid. 

3. lodo-acetic acid usually reverses or prevents insulin liypoglycsemia. 
Using appropriate doses, however, it is possible to obtain a hypoglycsemia 
without affecting the toxic effect of the acid. 

4. lodo-acetic acid markedly inhibits the utilization of sugar by the 
tissues in the absence of insulin. When insulin is present, this inhibition 
is not so pronounced. 

5. The conclusion is drawn that iodo-acetic acid causes hyperglycasmia 
by mobilizing liver glycogen and interfering with the disappearance of 
sugar ill the tissues. 

The expenses of this work were defrayed in part by a grant from the Government Grants 
Committee of the Royal Society and by a grant from the Medical Besearch Council. 
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THE CARBOHYDRATE METABOLISM 
OF THE KIDNEY. 

By a. HEMINGWAY and H. J. PHELPS. 

{From the Physiology Institute^ Cardiff.) 

{Received August 18, 1933.) 

The investigation described in this paper was undertaken to determine 
the rate at which the kidney used carbohydrate, the relationship of 
carbohydrate metabolism to urine formation and to total renal metabolism 
as assessed by the oxygen consumption. 

An obvious way of measuring the rate of carbohydrate usage would be 
to estimate the sugar in blood from the renal artery and vein and multiply 
the difference by the rate of blood flow. Consideration of the possible 
rate of carbohydrate metabolism, based on measurement of renal oxygen 
consumption [Barcroft and co-workers, 1905, 1910; Bainbridge and 
Evans, 1914; Pee and Hemingway, 1928] and the blood flow, sug¬ 
gested that such a method could not be applied to the kidney because the 
difference in blood-sugar content would be too small for estimation. 
Neither would it take account of glycogen which might be stored in or 
liberated from the organ. 

It was therefore decided to use the pump-lung-kidney preparation 
introduced by one of us [Hemingway, 1931] and to measure the total 
carbohydrate usage of the whole preparation. The usage due to the kidney 
can be found by making an allowance for the storage or liberation of 
glycogen and for the metabolism of the lungs. 

Methods. 

After prelinoinary experiments had confirmed the impossibility of 
estimating the difference in sugar content between the arterial and 
venous blood and the necessity for considering changes in the glycogen 
content of the perfused organs, the following methods and procedure of 
experiment were adopted. 
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(a) The pumpAimg-hidney and procedure of 

experinmit. 

Tlie punip-lniig-kidiiey preparation was set up according to the 
method preTiously described [Hemingway, 1931], bnt an improved 
pump was introduced into the circuit [Hemingway, 1933]. Other 
slight modilications of the original method were introduced during the 
course of the experiments. The apparatus was filled with alcohol when 
not in use and washed with water and saline immediately before use. 

Two dogs were usually used for an experiment, one supplying blood 
and lungs, the other the kidney. The first dog, weighing 17-18 kg., was 
an^sthetked and about 450 c.c. of blood removed. This was whipped, 
twice filtered through organdie muslin [mesh = 0*01 in.] and a measured 
volume introduced into the apparatus. 

Meanwhile a cannula was introduced into the pulmonary artery, the 
lungs were removed from the thorax and after weighing, perfusion was 
commenced. The lungs were accommodated on a large Buchner funnel 
and positiv^eiy ventilated by a Schuster pump instead of being kept in a 
closed vessel, as originally described, because it was necessary during an 
experiment to remove samples of lung for glycogen estimation. 

The second dog was anaesthetized while the lung preparation was 
being set up and the left kidney was removed and perfused as soon as the 
pulmonary flow was established. Simultaneously a slice of the right kidney 
was removed for glycogen estimation. When the blood flow through the 
kidney was established, and constant (usually within 2 or 3 min. of the 
attachment of the kidney to the apparatus) a portion of the lung was tied 
off and removed for estimation. Simultaneously, blood was taken for 
blood-sugar determination. 

The output of the pump was constant in any one experiment and the 
fixed perfusion pressure to the kidney was regulated by passing some of 
the blood through a shunt directly to the lungs. This ensured that the flow 
through the lungs was constant and independent of that through the 
kidney. 

The perfusion was allowed to continue for 40-50 min., and, at the end 
of the period, samples of blood, lung, and kidney were taken for estima¬ 
tion. The samples of lung and kidney were the counterparts of those taken 
for the first estimations. That the glycogen content of corresponding 
portions of the organs is similar is shown by Table I, and confirmation is 
given by Irving [1928 6] for the kidney. 
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Table I. Glycogen content of right and left kidneys and lungs. 


Exp. 


Glycogen 
mg./lOO g. 

18 

Right Inug 

177 


Left lung 

170 

24 

Right kidney 

68 


Left kidney 

70 


The perfusion apparatus was then drained and the volume of remain¬ 
ing blood measured; the lungs and the kidney were weighed. The dif¬ 
ference between the initial and final amounts of carbohydrate in the 
system when calculated gave the quantity of this material used by the 
kidney and lungs. Samples of urine were tested from time to time for 
reducing substance but none was found. 

In other experiments the sugar used by the lungs alone was measured, 
and in these an exactly similar technique was followed except that the 
kidney was not added to the circuit. 

(b) Estimation of glycogen. 

As a result of experience a modification of the Pflliger method of 
glycogen estimation based on that d escribed by K e r 1 y [1930] was adopted. 
A fragment of tissue judged by eye to be about 4 g. was dropped into a 
previously weighed tube containing 5 c.c. of 60 p.c. KOH. The exact 
weight of the tissue was immediately determined and the tube placed in 
a boiling water bath. After about 2| hours the alkaline digest of the 
tissue was cooled and neutralized by 60 p.c. trichloroacetic acid. The 
neutralized samples were made up to 25 c.c. and filtered. 20 c.c. of the 
filtrate were added to 80 c.c. of alcohol and allowed to stand in the ice 
chest overnight. The glycogen was separated by centrifuging and taken 
up in 15 c.c. of N H 2 SO 4 , and heated on a water bath for 2 hours. After 
hydrolysis the acid was neutralized by an accurately measured quantity 
of 60 p.c. KOH and made up to 25 c.c. Finally, samples were analysed 
for glucose by the Somogyi modification of the Shaffer-Hartmann 
method [Peters and van Slyke, 1932] and the glycogen values ex¬ 
pressed in terms of reducing sugar in the hydrolysate. 

(c) Estimation of blood sugar. 

Blood-sugar determinations were made by the Somogyi modification 
of the Shaffer-Hartmann method on protein-free blood filtrate pre¬ 
pared after the method of van Slyke and Hawkins [1928]. Kot only 
was it desirable to use the same method for the determination of reducing 
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substances in blood and in glycogen hydrolysates, but our experience 
indicated that this method was in many ways the most convenient in 
practice. 

Kesults. 

Separate consideration has been given to (a) the '‘true” metabolism 
of the lungs, making allowance for storage or release of glycogen, (b) the 
rate of disappearance of sugar from circulating blood and (c) the usage of 
sugar by the kidney. 

(a) The metabolism of the lungs. 

Previous investigations have been made on the metabolism of per¬ 
fused lungs by Evans and Starling [1913], Patterson and Starling ‘ 
[1913] and Cruickshank and Startup [1930]. Patterson and Star¬ 
ling examined the sugar metabolism and concluded that the average rate 
of usage was 1*3~1*5 mg./hour/g. of heart muscle. These earlier investiga¬ 
tions did not take into reckoning that some of the sugar disappearing 
from the blood might not be oxidized but, on the contrary, synthesized 
to glycogen. Cruickshank and Startup reopened the question with 
this point in view, and by making simultaneous measurements of oxygen 
consumption, respiratory quotient, and rate of sugar disappearance from 
the circulating blood, were able to measure with greater certainty than 
before the amount of sugar actually used and that stored or liberated. 
They gave 0-7-0-8 mg./hour/g. of heart muscle as the rate of usage. These 
results, as well as those of Patterson and Starling, are expressed in 
terms of heart muscle weight rather than in lung weight, because in their 
experiments the lungs tended to become cedematous, thus making the 
correct determination of lung weight difhcult. 

During the present experiments it was thought advisable, for two 
reasons, to redetermine the rate of lung metabolism, {a) glycogen changes 
were being investigated by a direct method instead of the indirect 
methods of previous investigators and (6) the method of pulmonary 
perfusion employed was dissimilar to those previously used. 

The results of a typical experiment in which the rate of lung meta¬ 
bolism was measured are given in the accompanying protocol (see p. 373). 

The diminution which occurred in the amount of circulating blood 
was attributed after further experiment to evaporation from the outer 
surface of the lungs. Such loss was minimized by covering the Buchner 
funnel with a damp cloth, but even so it was always sufficient to neces¬ 
sitate careful measurement of the residual blood at the end of an 
experiment. 
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Protocol of Exf. 24. 


Lungs 

Blood 


Lungs 

Blood 


Carbohydrate 
Amount concentration 

Beginning of period. 

94 g. 154mg./100g. 

461*5 c.c. 112mg./100c.c. 

After 46*5 min. perfusion. 

100 g. 182 mg./lOO g. 

448 c.c. 94 mg./lOO c.c. 


Total carbo¬ 
hydrate mg. 

145 

516 

661 


182 

421 

603 


58 mg. of carbohydrate used by lung (average weight 97 g.) in 46*5 min. Rate of 
usage=0*013 mg./g./min. 


Three experiments were performed and the average of the three deter¬ 
minations gave the carbohydrate metabolism of the lungs as equivalent to 
0*014 mg./g./min. The findings in the individual experiments are given in 


Table !!• 


Table II. Glucose usage of perfused isolated lungs. 



Wt. of 

Glucose 

Exp. 

lungs 

usage 

g* 

mg./g./min. 

3 

100 

0*014 

23 

126 

0*015 

24 

97 

0*013 


This rate of metabolism is in good agreement with that found by 
Cruickshank and Startup, whose experiments, taking the lung weight 
as 87 p.c. of the heart weight [Evans and Starling, 1913], show a lung 
usage of 0*013-0*015 mg./g./min. The results are expressed in terms of 
lung weight and not heart weight, because the lungs were weighed at the 
beginning and the end of the experiment and little or no oedema was 
found. The changes in lung weight occurring in three successive experi¬ 
ments are given in Table III and are typical of the whole series. 

Table III. Weight of lungs before and after perfusion. 


Exp. 

Wt. before 
perfusion 
g* 

Wt. after 
perfusion 

g* 

24 

94 

100 

25 

130 

126 

26 

166 

173 


(6) The disappearance of carbohydrate from circulating blood. 

Cruickshank and Startup [1932] investigated the rate at which 
sugar disappeared from blood which was mechanically circulated and 
oxygenated, and in a summary of their results stated that in 3 hours the 
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loss of sugar was 42*5 p.c. of the original total. On this account, it was 
considered whether a correction should not be applied to our results, 
making an allowance for sugar disappearing from the blood but not 
metabolized by the perfused tissues. 

To obtain data for a correcting factor, similar experiments to those 
performed by Cruickshank and Startup were performed, but different 
samples of blood showed changes both greater and smaller in amount than 
their results indicated. Also, it was debatable whether it would be 
reasonable to make any comparison of changes occurring in blood circu¬ 
lating through tissues and in blood mechanically circulated and oxy¬ 
genated, knowing that there are differences between such bloods, e.g. the 
difference in vaso-constrictor properties. Because of this, and our 
inability to obtain a constant figure, no correction has been made for 
carbohydrate disappearing from the blood but not metabolized by the 
tissues. 

(c) The glucose usage of the kidney. 

The results obtained for the kidney require little explanation. The 
total usage of the lungs and kidney was determined over a period and 
then an amount corresponding to the weight of the lungs was subtracted 
on the assumption that the rate of usage was 0*014 mg./g./min. Eight 
experiments were performed, using the described technique, and in 
Table IV are given the results of five, none of which showed any technical 
fault to careful scrutiny. In these experiments the rate of sugar usage 
varied between 0*014 and 0*099 mg./g./min. The figures are of the same 
order as those given by Irving [1928 a] for the glucose usage of minced 
rabbit kidney cortex which varied between 0*018 and 0*058 mg./g./min. 

Table IT. Suminarv of experiments in ■whicli the glucose usage of kidney 
has been measured. 

Blood flow 


Exp. 

Wt. of 
Mdney 

g- 

Glucose 

usage 

mg./g./min. 

Urine 

e.c./min. 

(average) 

r 

e.c./min. 

(max.) 

c.c./g./min. 

Perfusion 
pressure 
mm. Hg 

20 

48-3 

0'041 

0*30 

243 

5*0 

120 

25 

24-8 

0*014 

0*31 

91 

3*7 

116 

27 

58-9 

0*036 

0*28 

___ 

_ 

120 

28 

42-8 

0*099 

0*52 

217 

5-0 

120 

29, 

36-6 

0*046 

1*04 

186 

5T 

140 


Disctjssiox. 

The results seem to invite the discussion of two main points, (a) the 
relationship of the rate of glucose usage to renal activity and (b) the ratio 
of carbohydrate metabolism to total metabolism in the kidney. It is not 
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easy to make a definite statement regarding tlie first of tliese points 
because the readings liave been taken over a period during wMcli renal 
activity might be varying. Nevertheless, in general the experiments in 
which a high glucose usage has been recorded were those in which there 
was a large blood and/or urine flow. Indeed if the weight of the kidney 
be taken into consideration the rate of glucose usage appeared to follow 
the rate of blood flow. This result is natural enough if the tubule cells are 
regarded, as they must be, as doing work in transferring materials and 
water from blood to tubule lumen and vice versa, but on the other hand, 
observations of the rapid flows in the kidney treated with cyanide or 
asphyxiated show that little reliance can be placed upon the rates of urine 
and blood flow as true indicators of renal activity. 

The second point leads to a more definite conclusion. It will be realized 
that if the oxygen used by the kidney [Pee and Hemingway, 1928] is 
employed solely in the oxidation of carbohydrate, then the glucose usage 
should fall within the limits of 0-039. and 0-26 mg./g./min. The figures 
recorded here are much below these rates, but the ratios for maximal and 
minimal values, between the measured and the highest possible glucose 
usage, as calculated from the oxygen consumption, are in remarkable 
agreement as is shown in Table V. 

Table V. Belationship between measured rates of glucose usage and those calculated from 
the oxygen consumption [Fee and Hemingway, 1928]. 

Rate of glucose usage mg./g./min. 

^ _A_^ Ratio 

Calculated from measured 
Measured oxygen usage calculated 

Minimal 0-014 0-039 0-36 

Maximal 0-099 0-260 0-38 

This close agreement, which suggests that about one-third of the oxy¬ 
gen used is employed for carbohydrate metabolism, assuming that the 
carbohydrate which disappears is completely oxidized, may be purely 
fortuitous and the exact diflerentiation of the usage of oxygen between 
carbohydrate and other substances can only be found in an individual 
experiment by determining the r.q. of the kidney. The difierence between 
the two sets of figures measured and calculated is however so great (and 
is actually increased if the whole of the carbohydrate which disappears is 
not completely oxidized) that it is certain that the whole of the kidney 
metabolism is not dne to oxidation of carbohydrate. 

The early experiments of Bainbridge and Evans [1914:] on the 
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R.Q. of the kidney in the keart-lung-kidney preparation show a quotient 
of less than unity and an average of 0*71, and suggest that the proportion 
of carbohydrate metabolism to the whole is very small. 

SUMMABY. 

1 . A method of measuring the carbohydrate metabolism of a perfused 
organ is described. 

2. The carbohydrate usage of the perfused isolated lung, estimated as 
glucose, is 0-014 mg./g./min. 

3. The carbohydrate usage of the perfused kidney varies between 
0*014 and 0*099 mg.lg.jmm. 

4. About one-third of the oxygen used by the kidney is employed 
in the metabolism of carbohydrate. 

The expenses of this research were defrayed in part by a grant to one of ns (A. H.) from 
the Government Grants Committee of the Eoyal Society to whom our thanks are dne. 
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ON THE OCCURRENCE OF TWO KINDS OF 
HEMOGLOBIN IN NORMAL HUMAN BLOOD. 

By R. BRINKMAN, A. WILDSCHUT and 
A. WITTERMANS. 

(From the Biochemical Laboratory, Groningen, Holland,) 
(Eeceived November 6, 1933.) 

In the fifth chapter of Bar croft’s hook on haemoglobin he discusses its 
specificity, and suggests the possibility of more than one haemoglobin in 
the same blood, the differences being located in the globin part of the 
molecule. The curious change in ''span” (i.e. the distance between the 
bands for oxy- and CO-haemoglobin) in the blood of the same rabbit makes 
Barcroft put the question,'' Why and how should the globin of a rabbit’s 
haemoglobin alter on haemorrhage?” 

In limiting the problem to the unity and variability of haemoglobin 
in one kind of blood, especially in human blood, we find that most 
methods of research on the specificity of haemoglobin are not sensitive 
enough to detect the presence of, say, 10 p.c. of a modified haemoglobin 
in 100 p.c. total. Only the estimation of the so-called alkali resistance, 
which gives enormous differences in blood of different species, might be 
sensitive enough. This paper describes the photo-electric measurement 
of the rate of denaturation of human haemoglobin at pH about 12, as a 
means of differentiation between more than one kind of pigment in the 
same blood. 

Method. 

Von Kruger [1888,1925,1927], who first studied the rate of haemo¬ 
globin denaturation in alkaline solutions ("Zersetzungszeit”), added 
1/5 vol. N/4 NaOH to the solution of haemoglobin and measured the time 
from this moment to the visual disappearance of the typical absorption 
bands. In this way he found the very large differences in "Zersetz- 
ungszeit” in the haemoglobin of mammalian species, for instance for 
human blood 1 min., for rabbit’s blood 30 min., for horse blood 80 min., 
for ox blood 24 hours. A more exact study was made byHaurowitz 
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[1929], who measured the rate of extinction in the region of the bands 
(538-'544) and also in the a region (572-580) by means of the spectro¬ 
photometer. 

For production of the alkaline reaction he used the same process as 
von Kriiger, viz, the addition of 1/5 vol. N/i NaOH. 



Fig. I. Efiect of pH on rate of alkali denatnration at 19*6° G. Vertical axis: log percentage 
nnckanged hemoglobin in total mixture; horizontal axis: time in minutes (I)pH 12* r> * 
(U) pH 11*89; ini) pH 11*66; (IT) 11*55. 

The sensitivity of this method is very much dependent on the in¬ 
vestigator's experience, and on the time which may be taken for each 
determination. In our opinion it will be difficult to estimate a decrease 
in extinction, smaller than that corresponding to a 2 p.c. change of 
oxyhsemoglobin to globin h^mochromogen. For our purpose we have 
tried to combine a good sensitivity with the exclusion of the subjective 
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factor, by using a photo-electric arrangement, and by keeping the con¬ 
ditions which govern the speed of reaction siiflB.ciently constant. 

The two factors on which the rate of alkali denaturation of a certain 
type of hsemoglobin is dependent are (a) the concentration of OH ions, 
and (6) the temperature. 

Fig, 1 shows the influence of on the rate of denaturation at con¬ 
stant temperature. The hsemoglobin was obtained from a human blood, 
which did not contain more than 5 p.c. of the resistant form of hsemo- 
globin (to be described later). The ratio’s log cone. HbOg : time are 
straight lines for about 80 p.c. completion of the reaction. 

The solution of oxyhsemoglobin was made, by diluting oxalate blood with 0T5W 
Na 2 HP 04 solution, containing 1 p.c. of saponin, the final concentration of hsemoglobin being 
1-36 p.c. This solution was centrifuged till it was quite clear and put into the absorption 
vessel of 1 cm. transverse diameter. The alkali denaturation was started by injection of 
1 c.c. NaOH of various concentrations, by means of a precision syringe. 

A special set of experiments showed that the described procedure enabled us to place 
the oxyhsemoglobin quickly in a medium of known and sufficiently constant ; pH in each 
experiment was determined by the bubbling hydrogen electrode. Great care was taken to 
keep change of temperature in the reaction vessel within OT® C. 

The temperature coefficient of protein denaturation being in many 
cases very large [Pauli, 1933], it is not surprising that a slight change in 
temperature has a definite effect on the rate of formation of globin 
hsemochromogen. In our experiments the temperature did not change 
over more than C. in each measurement, although differences of 
temperature between separate experiments may be larger. 

The colorimethig estimation oe the rate oe change oe oxy- 

HH5MOGLOBIN TO ALKALINE GLOBIN HJEMOCHROMOGEN. 

We used two methods, a bicolorimetric estimation without standard 
solutions and a photo-electric determination with calibration by means 
of known mixtures of Hb 02 and globin hsemochromogen. 

The second method being the more exact one, it was solely used later 
on, although the bicolorimetric procedure too can give the rate of de¬ 
naturation with sufficient sensitivity and may be briefly described for the 
use of those who wish to make analogous measurements. 

Human, bsemolysed blood, containing 2*78 mg. Hb per c.c. was saturated witb pure CO, 
made very clear by centrifugalization and divided in 3 x 5 c.c. in test-tubes A, B and C. 
Carboxybsemoglobin is used, because its change on alkaline denaturation gives the most 
pronounced change in colour; the same observation has been made for tbe bicolorimetric 
determination of mothsemoglobin [Clark, 1933]. To A is given 5 c.c. buffer solution so that 
the reaction is fixed at pH 12-00 at 18“ C.; the tube is then placed at 37“ C. for 15 min., 

^ 25—2 
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tlie oxyhsemoglobin is thereby completely converted into tiie darker deiiatnration product. 
After addition of 5 c.c* distilled water to J5, 5 c.c. of A and of B are filled in the lower and 
Tipper right cups of the colorimeter. 0 is placed in a 25° C. bath, together with a tube, 
containing 5 c.c. of the alkaline buffer solution. The contents of these two tubes are then 
quickly mixed and poured into the left colorimeter cup, fixed at 4 cm. distance and having 
a constant temperature circulating water jacket. From this moment the stopwatch is 
started, and colours are matched by making suitable optical mixtures of A and B, the total 
depths of liquid at both sides remaioing 4 cm. 

The best light for sufficient sensitivity was obtained by illuminating a piece of paper, 
brilliantly painted in the complementary colonr of carboxyhsemoglobin, by a powerful L i e s e- 
gang globoscope and sending the reflected light directly through the colorimeter cup; the 
light was turned off between measurements. The hicolorimeter readings are directly propor¬ 
tional to the amount of oxyhfemoglobin in total pigment; the method wfll indicate a change 
of about 3 p.c. of conversion. The results obtained were similar to those given by the 
photo-electric method which will now be described. 


A metliod, suitable for our purpose, must be capable of distinguishing 
quantitatively between, say, a mixture of 95 p.c. globin hsemochromogen 
and 5 p.c. oxyhsemoglobin and a mixture of 94*5 and 5*5 p.c. respectively. 
We were not able to obtain a suitable monochromatic light of sufficient 
strength, but use a CUSO 4 filter, which cuts off the extreme red, which is 
not absorbed by globin haemochromogen and to which the selenium cell 
is rather sensitive. 

A 1000 c.P. Pointolite lamp is connected in series with an extra re¬ 
sistance and galvanometer; during the measurement an assistant regu¬ 
lates the current continuously at exactly 3 amp., which ensures sufficient 
steadiness of illumination and discards with the necessity of a differential 
method. An 8*0 lens concentrates the light on the surface of a selenium- 
oxyde ‘'Sperrschicht’’ photo-electric cell, after it has passed through a 
CUSO 4 filter and the hemoglobin solution (20 mm. of a 1-2 p.c. CUSO 4 
solution). The selenium cell is connected in series with an e.m.f. of 
300 mv. and a 10,000 ohm fixed resistance; the drop in potential over this 
resistance is measured by a Cambridge electrostatic valve potentiometer. 

The sensitivity of this arrangement is seen in Fig. 2 ; for our purpose 
the most important change is that from 90 p.c. globin hsemochromogen 
and 10 p.c. oxyhsemoglobin to 100 p.c. of globin hsemochromogen. This 
gives for a 1*0 p.c. solution of human oxyhaemoglobin a drop of 28 mv., 
with an accuracy of at least 1 mv.; for the change from 80 to 100 p.c. 
globin hsemochromogen the drop is 61 mv. 

If the concentration of heemoglobin is doubled, the drop for the last 
10 p.c. of the native pigment is only 20 mv., because the total absorption 
of light is too large. For this reason the best way is always to start with 
the same concentration of oxyheemoglobin, and to use the calibration 
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curve for this concentration. If the percentage of oxyhemoglobin differs 
more than 10 p.c. from this, a corresponding, separate calibration curve 
is wanted. One experiment will now be described. 

3 c.c. oxalate blood from the finger, containing 16*8 g. of haemoglobin 
per 100 c.c. were delivered in a 50 c.c. volumetric flask, containing 
0‘15i\risra2HPO4 and 1 p.c. of saponin, so that the total volume was 
50 c.c. After 5 min. this solution was put into a very eificient small centri¬ 
fuge, so that a very clear liquid was obtained. The 1000 c.p. Pointolite 
lamp had already been alight for 10 min. at 3*0 amp.; the drop in potential 
over the 10,000 ohm fixed resistance was 835 mv. with an accuracy of 
0*5 mv. when the absorption cuvette was filled with water; the same 
drop with darkened selenium cell was 117 mv. 

10 c.c. of the prepared solution were delivered in the 10 mm. absorp¬ 
tion cuvette; the e.m.f. over 10,000 ohm was then 710 mv. Temperature 
was regulated by circulation of water around the circular, metal side-wall 
of the absorption cuvette; in this experiment the temperature in the 
cuvette during the reaction was 18 ± 0*04*^ C. 1 c.c. of 0*9 iV FaOH 
solution was injected into the filled cuvette by a calibrated tuberculin 
syringe, and well mixed by repeated suction and pressure. The stopwatch 
was started at this moment, and the decreasing e.m.f. over 10,000 ohm 
was determined every 30 sec. The potentiometer used was the new Cam¬ 
bridge electrometer valve potentiometer. Afterwards the reaction of the 
solution in the cuvette was determined by the bubbling hydrogen 
electrode at pH = 11*86. 

Calibration. 

After completion of denaturation in the cuvette the reaction was ad¬ 
justed to about pH 8 by addition of 0*5 c.c. normal acetic acid. This may 
cause a precipitation of the denatured haemoglobin, which re-dissolves at 
once when it is well mixed. A too gradual neutralization, for instance by 
COg bubbles, may cause a true partial reversion of denaturation [Anson 
and Mirsky, 1931]. If one accounts for the dilution, caused by addition 
of 0*5 c.c, of acetic acid to 11 c.c. of globin hsemochxomogen, the absorp¬ 
tion in the cuvette has not changed by the partial neutralization. 

Mixtures of the denaturated solution at pH 8 with the original solution 
of oxyhaemoglobin (diluted accordingly from 10 to 11*5) are now prepared 
by adjusting the amount of denatured hsemoglobin at pH 8 to a volume 
of exactly 10 c.c., and by exchanging 1 c.c. of it for 1 c.c. oxyhs&moglobin 
solution, and so on. The calibration curve, giving the relation of the per¬ 
centage of unchanged oxyhsemoglobin in total pigment to drop in e.m.f. 
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over tlie 10,000 olim resistance is seen in Fig. 2. Tte calculation of the 
rate of denaturation in percentages of unchanged oxyhsemoglobin frona 
the observed drop in millivolts is made by this corresponding calibration 

curve. 

Results. 

The constant result of the examination of human oxyhaemoglobin of 
normal persons, aged 7—50 years, is the fact that the reaction first pro¬ 
ceeds rapidly, then more slowly. If we make the assumption that there 



Fig. 2. Eate of alkali denaturation of the hfemoglobin of R. B., in 1-0 p.c. solution. Descrip¬ 
tion in text, p. 384. I. Observed drop in miUivolts. II. Calibration curve. III. Log 
percentage of unchanged Ci+Oj. IV. Extrapolation of V. Log C-^. Vertical axis, 
millivolts and log percentage unchanged hsemoglobin. Horizontal axis, time in minutes 
and percentage unchanged hemoglobin (for II). 

is no appreciable cbange in value, or other secondary reactions affect¬ 
ing the velocity constant during the course of the main reaction, the 
diminution in the reaction velocity may be attributed to the existence of 
a resistant form of hsemoglobin. Control experiments show that the 
change in pH is negligible. In an experiment similar to the one described, 
the pH was determined every minute by the bubbling hydrogen electrode; 
1 min. after the addition of 0*9iV NaOH 1 c.c. pH was 11*83, 1 min. later 
11-82, 2 min. later 11-82, 4 min, later 11-81, 6 min. later 11-80, 10 min. 
later 11«79, 15 min. later 11-79, 20 min, later 11*79. 
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In Table I and Fig. 2 the result of the experiment described is 
analysed from this point of view. Calculations are made on the assump¬ 
tion that the hsemoglobin was composed of two kinds, with different rates 
of denaturation, the concentration of the type with the largest resistance 
against alkali denatiiration being Cg, and of the other form 0 ^. Experi¬ 
mentally found is the amount of 4- O 2 which is not denatured after a 
given time; the logarithms of these concentrations, plotted against time, 
show that from 12 min. after the beginning of the reaction the points 
fall on a straight line. This is interpreted as the monomolecular denatura- 
tion reaction of Cg, and extrapolation of log C 2 to i5 = 0 gives 12*8 p.c. as 
the initial concentration of O 2 . Subtraction of the extrapolated corre¬ 
sponding values of Cg from 0^ + gives the true rate of denaturation 
of 0^, which also seems to proceed as a monomolecular reaction. 

In Fig. 3 a number of determinations on the hasmoglobin of R. B. are 
collected; pH and temperature during each experiment were constant 
but varied slightly in the separate examinations, as it is recorded in the 
legend. The denaturation velocity of is not designed here, but it was 
represented by a straight line in each case. Our interpretation is that the 
alkali denaturation of human oxyhemoglobin is going on as two mono¬ 
molecular reactions with different velocity constants. The values of these 
constants can of course be calculated, but the main object of this paper 
is the demonstration of the existence of two kinds of hemoglobin in 
adult human blood. It is seen, that in the blood of R. B. the log of the 
concentration of the resistant form is found between 0*93 and 1*3, giving 
the amounts of resistant hemoglobin as 8*5 to 20 p.c. of the total 
amount. 

In the blood of other persons the results were quite similar, with a 
tendency in children to show higher values for the resistant form. The 
examination of the blood of the umbilical vein in new-born children is 
described by lines A and B in Fig. 3. In confirmation of former researches 
[von Kruger, 1927; Bischof, 1926; Haurowitz, 1929] the amount of 
resistant haemoglobin in neonati is about 80 p.c. (similar deternodnation in 
six cases). 

Haemoglobin of normal rabbit’s blood, and the blood of horse, pig and 
ox, examined in the same way, but at pH 12*50“pH 13 has always given 
one straight line, indicating the presence of only one kind of haemoglobin. 
How this may be altered in experimental anaemia is a subject under 
research now. 

Checks have been made with known mixtures of haemoglobin of adults 
and of new-born children. A typical example is given in Fig. 4. Here, 
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line I gives tlie rate of denaturation of adult Iisemoglobin {pH 12“20j 
1 17*7° C.), line II the rate of denaturation of new-born’s hsemoglobin at 



Fig. 3, Bate of alkali denaturation of the haemoglobin of R. B., in 1-0 p.c. solution: 

I. Sept. 4, 1933. 11-80, t= 18-2^ 0. 

ir. „ 5, „ pH = 11-80,/= 18-0" C. 

III. „ 10, „ = 11*80, 17*2'" C. 

IV. „ 14, „ pH =11*86, 18*6° C. 

Y. „ 21, „ pH = ll*84,f=18*5°a 

VI. „ 28, „ pH= 11*84, 18*8° C. 

A. Haemoglobin in 1*0 p.e. solution of new-born child pH= 12*00, t=^ 19° C. 

B. Haemoglobin in 1*0 p.c. solution of new-born child pH= 13*00, t— 19° C. 

Vertical axis, log percentage unchanged haemoglobin; horizontal axis, time in imnutes. 

the same pH and temperature, and line III the denaturation velocity of 
a mixture of 80 p.c. of I and 20 p.c. of II. It is seen that I indicates the 
presence of 7*1 p.c. of the resistant type, II gives 93 p.c. of this kind of 
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liffiiiioglobiii and from III 19*2 p.c. is found; calculation from I and II 
gives 18*6 p.c. Further, it is seen, that one cannot say that the resistant 
type of adult human hcemoglobin and the new-born’s human hasmoglobin 
are identical. It must be the object of a further study to compare the 
velocity constants of denaturation of various human hsemoglobins of 
normal and pathological cases more carefully. In this paper the de¬ 
monstration of two kinds of hsemoglobin in human blood was intended. 



Fig. 4. Denattiratioii rates of adult luemoglobm (I), new-born's hEemoglobm (II), and of 
a mixture of 80 p.c. I and 20 p-c. II. Description in text (p. 385). Vertical axis, log 
percentage unchanged hEemoglobin in total mixture; horizontal axis, time in minutes. 


Discussion. 

It appears to be generally accepted that, if an eventual difference in 
various haemoglobins is present, this specificity must be located in the 
globin part of the molecule. Evidence for this supposition is growing 
continuously; apart from the physico-chemical methods of difference in 
absorption spectra, of crystal form, of solubility and of differences in iso¬ 
electric zone and rate of alkaline denaturation, we have the direct 
chemical analyses of globin. The researches ofSchenck [1930] demon¬ 
strate a constant difference in the amount of certain amino-acids in the 
globins of various species. In human blood, especially, the arginine con¬ 
tent of globin is constantly higher in the blood of new-born chfidren than 
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in adult blood. In liypocbrome cases of anaemia with normal regeneration 
this juvenile type seems also to be present; in pernicious ansemia it is 
missing. 

Schenck also shows that the chemical differences of human globins 
correspond to their different resistances to hydrolysis by pepsin HCl. 

Unsolved is the question whether human haemoglobin is changing 
from one form to the other, or whether there are two, originally different 
forms {e.g. the resistant “foetal” type and the adult form). The sharp 
distinction which can be found in the rates of denaturation suggests the 
existence of two independent kinds, not connected by transitional types. 

Summary. 

The rate of alkali denaturation of haemoglobin, studied by means of 
a sensitive photo-electric arrangement, was determined in human haemo¬ 
globin. It is shown that, in normal blood, alkaline denaturation is pro¬ 
ceeding as two monomolecular reactions with greatly differing velocity 
constants. This indicates the presence of two kinds of haemoglobin in 
human blood. 
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SOME FORMS OF APPARATUS FOR THE 
EQUILIBRATION OF BLOOD. 

By JOSEPH BAECROFT. 

{From the Physiological Laboratory, Cambridge.) 

{Received November 3, 1933.) 

DiLLintLe appendix to Blood by L. J. Henderson [1928] described an 
excellent tecbnique for tbe equilibration of blood and its transfer to tbe 
van Slyke manometric apparatus. He says, ‘‘We propose to describe 
a teclndque wbich we iiave used when as much as 135 c.c. of blood... 
were available.” The methods described below make no profession of 
improving upon the accuracy of that technique; their aim has been, 
while yielding as little as possible in the matter of accuracy, to use very 
much less blood. The van Slyke manometric apparatus analyses 1 c.c. 
or even 0*2 c.c. of blood with great accuracy, but the whole process of 
equilibration, involving the use of large dead spaces, etc., demands, for 
the determination of dissociation curves, quantities of blood of a much 
higher order—quantities that are often quite unattainable. 

The apparatus used requires little description; several forms have 
been employed, according to the amount of blood available. 

I. For duplicate analyses of 1 c.c. samples. 

The apparatus is shown in Fig. 1. The main saturating vessel A is 
of about 350 c.c. capacity. It is of about 25 cm. length from M to G. 
The stopper is of glass and is of special design. It consists of three con¬ 
centric tubes. The outermost is the stopper proper. The cavity between 
this and the middle tube communicates with the air by a three-way 
tap F. This tap is for the injection of the blood. The middle tube is 
produced about l|-~2 cm. (to D) further into the saturator than the 
stopper. It ends in a flange, otherwise blood may find its way within 
this tube—^which is to be avoided- The bore of the stopper at G is about 
2 cm., that of the tube D about 1 cm. The innermost tube is really the 
“van Slyke pipette.” The cavity between tMs and the tube D com- 
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municates with, tlie air by another three-way tap E, This is for the 
abstraction of gas samples. If blood never gets into the tube D there is 
no chance of fouling the Haldane gas analysis apparatus. The van 
Slyke pipette is made of 1 mm. tubing, as also are the three-way taps. 
It has two bulbs X and Y, each of 1 c.c. 
between the graduation marks. The tube 
reaches, within the saturator, as nearly as 
possible to M, where it is narrovred some¬ 
what at the tip. In the other direction after 
traversing the stopper, it possesses the usual 
tap C, beyond which it is produced far enough 
to deliver blood properly into the van Slyke 
apparatus. 

The saturator, after evacuation, is filled 
in the usual way from gas reservoirs, after 
which it should have a positive pressure of a 
millimetre or two. It is then placed in water 
at laboratory temperature and one of the taps 
opened momentarily so that the gas is re¬ 
duced to atmospheric pressure at a known 
temperature, say 15° C. Blood is injected 
through tap F —3| c.c. should be sufficient. 

The dead space is cleared with mercury or 
nitrogen; the latter is better, as there is then 
no risk of mercury entering the saturator— 
frequently air will serve. Equilibration then 
takes place by rotation in the horizontal 
position (see description of bath later), after 
which the saturator, still in the equilibration 
tank, is placed vertically with M downwards. 

If, since the introduction of the blood, it has 
never been in this position before, no blood 
can have entered the pipette or soiled the 
end. The tank, Fig. 2, A, must be deep enough for the saturator to 
remain completely immersed (apart from the projecting end of the 
pipette). When sufficient time has been allowed for drainage the 
tap, Fig. 1, 0, is very cautiously opened. The positive pressure (the 
saturator is usually equilibrated at a higher temperature than that at 
which it was filled) forces the blood up into the pipette. When this is 
quite full the saturator is removed from the bath, inverted, and the blood 



E and F above 
enlar3ed 


Fig. L 
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transfexred to tlie gas analysis apparatus without opening the saturator. 
In practice there is no difficulty in seeing the graduations of the pipette 
through the walls of the saturator. The only operation which requires 
a word of caution is the filling of the pipette. It is necessary to open 
the tap very gradually and to watch the progress of the blood as it fills 



Bath. 

The bath which we use is of the following design. The actual hath 
is a standard sized glass tank, Kg. 2, A^ 53 x 34 x 34 cm. approximate 
inside measurement. This is placed in a wooden lidless box (B) which is 
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fitted witli a drainage tube. The inside of the box is about one inch longer 
and broader than the outside of the glass tank. 

Into the wood near one corner is let a window C, about 5 cm. broad 
and 25 cm. high. The saturator when in the vertical position is held in 
a clip attached to the glass and can be viewed through the window, so 
that the blood can be seen entering the pipette. 

The spindle E on which the saturators are mounted during rotation is 
suspended from a stout piece of wood D, which rests on the top of the 
bath and is kept in position by a strap G, of sheet brass, passing round the 
bath. For the sake of clearness, it is shown in Fig. 2 above the bath, not in it. 

The saturator is held in its place by spring clips, F, F, End on they 
are shown as H, H. The saturator is kept firmly in position by a rubber 
band R. The clips are sufficiently flexible to serve for saturators of 
different calibre (see below), the grip being regulated by the strength 
of the rubber band. String may be used. 

With the bath placed inside the wooden box, the temperature can 
be regulated accurately enough for many purposes, by the use of an 
electric candle lying near the bottom of the bath fitted with a resistance 
outside; but of course, for accuracy over a long time a thermostat is 
preferable. Apart from cases in which the oxygen pressure is very low, 
10 min. equilibration should suffice. In the observations necessary for 
ordinary oxygen dissociation curves 15 min. is long enough in all cases. 

The following are five sets of duplicate analyses of the percentage 
saturation of hasmoglobin exposed to various oxygen pressures taken at 
random: 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

40-9 

49-5 

57-2 

59*5 

73*5 

41-4 

48*7 

57*9 

59*9 

73-6 


There seems to be no certain tendency for the top bulb to give a higher 
reading than the bottom one or vice versa. It had been feared that owing 
to the formation of dew in the bulbs the first sample of haemoglobin 
solution to emerge from the pipette might be the more dilute, but this 
does not seem to be appreciable. 

II. Smaller forms of apparatus. 

The saturators have been made in smaller sizes. For many purposes 
an apparatus of about 60 c.c. capacity has proved useful. This does not 
differ in principle from that described. The stopper is of the same dimen¬ 
sions, the taps, etc., are of rather narrower bore tubing and the bulbs 
of the pipette are each 0-2 c.c. capacity. The saturator from to If is 
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about 11 cm. long. Tlie pipette measures from tlie tip. There is no dead 
space. Otherwise Mg. 1 suf&ciently describes it. A still smaller size. 
Fig. 3j has been used, of about 25-30 c.c. capacity. This demands a smaller 


n 



M N 


Fig. 3. * Fig. 4. 

stopper and therefore a different design of apparatus, about which there 
is little that does not appear in Fig. 3. The bulbs are of 0*2 c.c. and 
the tubing from taps B and F is attached to the chamber not to the 
stopper, and the gas tube (connected with E) is continued about half a 
centimetre or more inside the saturator. 
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The following figures give the percentage saturation of five samples 
of blood exposed to different oxygen tensions—they are taken at random: 


(1) 

(2) 

(3) 

(4) 

(5) 

22-5 

o2-6 

80-0 

87-0 

83*3 

22-3 

52-4 

81-8 

87-0 

83*7 


III. Alternative eorm oe saturator. 

Another form of saturator which gives equally accurate results is 
shown in Fig. 4. It was devised earlier than that shown in Fig. 1 and, 
though we do not now use it, there are two reasons for mentioning it. 
Firstly, researches were carried out with it which will be published later, 
and secondly, while we consider the balance of advantage to be against 
it, others may not take that view. The essential difference is that the 
measuring pipette is outside the saturator vessel to which it is attached 
by pressure tubing. The drawbacks are: (1) that the pipette and the 
attached tubing down to the orifice below A are filled with mercury; 
(2) there is the danger of a bubble of air being trapped in the rubber 
tubing and getting into the pipette with the blood; (3) rather more blood 
is necessary than in the form shown in Fig. 1. When the blood has been 
equilibrated and allowed to pass into the pipette, the rubber tube is cut 
and the pipette removed. The advantages are: (1) that the pipette is more 
easily read when the blood is passing into the van Slyke apparatus, 
and (2) that the apparatus is less easily broken. 

Summary. 

Forms of saturator are described, which aim at the attainment of 
considerable accuracy, with a less quantity of blood than is used by 
accurate methods already in use. 
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THE EFFECT OF DURATION OF WORK ON THE 
EFFICIENCY OF MUSCULAR WORK IN MAN. 

By G. P. CROWDBN. 

(From the Departmeyit of Industrial Physiology^ London School of 
Hygiene and Tropical Medicine.) 

(Received November 22, 1933.) 

Investigations on tlie influence of tlie time factor on tie efficiency of 
fluman muscular work have proceeded on two distinct, ttougli by no 
means independent, lines, namely, tbe determination of tlie efiects of 
rate of working and of duration of performance. Many of tbe early 
investigations stowed ttat the rate of working materially influences the 
efficiency of performance, and it is tterefore essential to pay due regard 
to this in any experimental study on the effect of duration of work on 
the mechanical efficiency of man which is the subject of the present 
investigation. 

In Benedict and Cathcart’s [1913] bicycle ergometer experiments 
with the professional cyclist subject the net efficiency (i.e. the 

percentage ratio of external work performed to the increased energy 
expenditure indicated by the oxygen used for work in excess of the resting 
consumption of the subject when seated on the ergometer) was found to 
vary with the number of pedal revolutions per minute. The maximum 
efficiency was attained at approximately 70 pedal revolutions per 
minute, but the efficiencies at slower rates were not fully investigated. 
It should be noted that each pedal revolution involves two complete leg 
movements so that at 70 revolutions per minute the contraction-relaxa¬ 
tion time per leg movement for each leg would be 0*86 sec., although the 
actual duration of contraction would probably be 0-43 sec. or less, as 
pointed out by Garry and Wishart [1931]. 

Hill [1922] showed that the actual rate of change of muscle form, or 
speed of shortening of the muscle, is a factor influencing the energy 
expended in contraction, and Dickinson [1929] pubhshed an account 
of experiments on the efficiency of pedalling a bicycle ergometer at 
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var 3 riiig speeds. Dickinson found tkat for work of short duration the 
excess oxygen used in work and recovery indicated a maximum net 
efficiency of performance when the rate was 33 pedal revolutions per 
minute, i,e, 1*82 sec. per contraction-relaxation time or approximately 
0*9 sec. per contraction of the effector muscles. 

Table I, compiled from Dickinson’s figures for the experiments in 
which the load was practically constant, gives some idea of the variations 
in efficiency which were observed at different rates of pedalling and it 
may be pointed out that between 25 and 48 pedal revolutions per 
minute, i,e. when 1-2-0-63 sec. was allowed for contraction, there was 
relatively little variation in efficiency. Outside this range, however, the 
efficiency materially decreased. 


Table I. Results of Dickinson’s experiments with constant load and varying 
rates of pedaUing bicycle ergometer. 


Load (kg.) 

Pedal 
revolutions 
per min. 

Contraction- 
relaxation 
time (sec.) 

Approximate 
contraction 
time (sec.) 

Net efficiency 

p.c. 

3*0 

Ill 

0-54 

0*27 

11-4 

3*2 

60 

1-00 

O-o 

18*7 

3-1 

48 

1-26 

0-63 

20*5 

3-2 

38 

1*56 

0-78 

20*1 

3-4 

33 

1*80 

0*90 

21-8 

3-0 

33 

1-80 

0-90 

21-5 

3-05 

25 

2-40 

1*20 

20*0 

3-3 

11 

5-42 

2-71 

15*1 

3*2 

8 

7*24 

3-62 

13-4 


Garry and Wishart [1931] repeated some of the earlier experiments 
of Benedict and Cathcart in order to examine more closely the 
efficiencies of pedalling at the slower rates, namely below 70 pedal 
revolutions per minute. Their experiments differed from Dickinson’s 
in that the excess oxygen consumption for the work was observed during 
steady state,” 25 min. previous pedalling at the rate under investi¬ 
gation being performed before the collections of expired air were made. 
They found that a maximum efficiency was attained at 52 pedal revolu¬ 
tions per minute, namely when the contraction-relaxation time for the 
effector muscles was 1*15 sec., which allowed not more than 0*6 sec. for 
the actual duration of contraction. The optimum gross efficiencies 
observed were 16*3 and 18 p.c., while the net efficiencies were 2-3 p.c. 
higher. 

Common experience teaches that the height of the saddle above the 
pedals must be carefully adjusted to suit the leg length of the individual 
the effort of cycling is to be carried out with maximum comfort and 

26—2 
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ease; moreover, it is not unlikely that the weight and inertia of the legs 
of a subject together with the linear length of the pedal stroke in relation 
to leg measurements and the position of the saddle in relation to the 
pedals may affect the optimum rate of pedalling. Again, unless the 
gearing and load were the same from ergometer to ergometer, the work 
done in starting the machine and per pedal revolution after speed had 
been attained would be widely different and the actual effective load per 
pedal revolution cause the efficiency to vary. If one could he certain that 
the whole of each effector muscle were in contraction for the complete 
duration of the down stroke in each leg movement, then perhaps more 
faith could be placed in comparative studies of the data obtained by 
different observers. However, in general terms it is quite clear that the 
results of investigations on human muscular efficiency all point to the 
conclusion that the rate of change of muscle form, or speed of contraction 
of the muscles, profoundly affects the ejficiency of performance, and, 
therefore, that due regard to this should be paid in all studies of energy 
expenditure in muscular work when that work is executed at different 
rates and in varying ways. 

Simonson and Hebestreit [1930] published an account of experi¬ 
ments on the mechanical eflffciency of the human body in relation to the 
duration of work, and claimed to have shown that the efficiency of a man 
for short spells of work, e.g, of 1 min., is very much less than when he 
performs the same amount of work per minute for 3, 6 or 10 min. In 
some cases the efficiency was twice as great in the 10 min. spell of work as 
compared with the 1 min. as shown in Table II, which gives some of their 
results calculated in terms of percentage efficiency instead of calories per 
Mlogram-metre. 

Table II. Results of efficiency experiments on a horizontal pnU ergometer with varying 
duration of work. (Calculated from the data of Simonson and Hebestreit [1030].) 

Duration of w’ork and efficiency p.c. 


Load and rate of working 

1 min. 

3 min. 

6 min. 

10 min. 

Load 10 kg. 20 pnlis per min. | 

7.0 

9-7 

10-0 

10-5 

6-3 

11*4 

12-5 

13*2 

1 

9*7 

11-3 

11-4 

13-9 

lioad 10 kg. 30 pnUs per min. 

9-4 

9'8 

11-3 

13-2 


In their experiments, muscular work of two kinds was studied: (a) on 
an ergometer in which the subject exerted a simple horizontal pull by 
means of the arm muscles while standing or sitting with the spine vertical, 
and (6) stair climbing at agreed rates per minute. In both cases it would 
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be easy for tlie subject to execute the requisite number of muscular 
movements sharply in the minute spells and adopt a steady slower rate 
of muscular shortening for the long spells of work while executing the 
same number of pulls, or ascending the same number of stairs, per 
minute in each case. It is not clear from their records that the same rate 
of change of muscle form was ensured in the long spells of work as in the 
short ones. 

Apart from drawing conclusions as to the significance of their results 
in relation to muscular work by man, Simonson and Hebestreit 
claimed that the changes in efi&ciency with prolongation of work which 
they observed indicated that the chemical reactions attendant on 
muscular contraction also changed and were therefore more complex than 
those put forward by Hill and others in the current theories of muscular 
contraction based on studies of isolated muscles. They claimed therefore 
that their results proved the inapplicability to man of knowledge gained 
by the study of isolated muscle. 

Were the experiments and deductions of Simonson and Hebestreit 
fundamentally sound, not only would the current theories of the energetics 
of muscular contraction be shaken, but their results would be of con¬ 
siderable significance in studies of muscular work in industry. It was 
therefore of importance that experiments should be carried out with all 
possible safeguards in order to ascertain whether in actual fact fully 
loaded human muscles working at the same rate per minute and shorten¬ 
ing in the same time per contraction did actually perform external work 
with less energy expenditure and increased efficiency in long spells of 
work (6 or 10 min.) as compared with similar efforts exerted in spells of 
short duration (1 min. or less). The following experiments were therefore 
devised and carried out in order to ascertain whether Simonson and 
Hebestreit’s results could be obtained under such conditions. 

Experimental procedure. 

The experiments were designed so that the rate of working, the speed 
of shortening of the effector muscles, the total amount of work done and 
the load opposing the effector muscles per contraction should be the same 
whether the work was performed in short spells (intermittent work) or 
in long spells (continuous work). Moreover, the load was such that it 
would involve a maximal effort on the part of the effector muscles of the 
subject. The type of work selected was pedalling a Martin’s bicycle 
ergometer, as this permitted accurate control of the various factors 
mentioned above. The attachment of a revolution counter with a loud 
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click to ike back wkeel of tke ergometer enabled tbe subject easily to 
adjust and maintain Ms rate of pedalling so tbat the ticks of tbe metro¬ 
nome syncbronized witb tbe clicks of tbe counter. 

A young man, H. L., wbo was a skilled cyclist and accustomed to 
metabolism experiments, was selected as subject. His data and the 
measurements of tbe bicycle ergometer when adjusted to bis stature were 
as follows: 

Subject H. L. Age 20. 

Height 165 cm. 

Weight 57*2 kg. 

Total leg-length 75 cm. 

Length knee to ground 43 cm. 

Bicycle ergometer: Md-saddle to pedal maximum 82 cm. 

Mid-saddle to pedal minimum 47 cm. 

Circumference of back wheel 144 cm. 

Gear ratio 3:1. 

As a routine the subject started resting, sitting 2 hours after a light 
breakfast and after 30 min. took up the work position on the ergometer. 
After a further period of rest in the work position a 10 min. collection of 
expired air was taken. The work spells, three of which were carried out 
each experimental session, were arranged to alternate as follows: inter¬ 
mittent work, continuous work, intermittent work; or continuous work, 
intermittent work, continuous work. Throughout each session the 
subject remained seated on the ergometer, and following the recovery 
collection, after each working eSort, a resting collection of expired air was 
made. 

The intermittent work consisted of ten short spells of 25 sec. pedalling 
effort, each spell being followed by rest up to 3 min. so that 250 sec. 
actual working time was evenly distributed over a period of 30 min. A 
further 15 min. was allowed for final recovery, the total expired air for 
45 min. being collected in a 1000 litre Douglas bag. 

The continuous work spell consisted of 250 sec. pedalling at the same 
rate per minute and speed of contraction as during the short spells 
followed by recovery up to 45 min., the whole of the expired air in work 
and recovery being collected. At the end of each session a final 10 min. 
resting collection of expired air was made while the subject was still in 
the work position on the ergometer. 

It may be pointed out that the total oxygen cost of the effort during 
work and recovery must be ascertained in a study such as this, and as 
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the attaimnent of the ''steady state” is impossible the whole of the 
expired air during work and recovery has to be collected in each case. 



Fig. 1. Cb-art skowing number of revolutions of bioycle ergometer wheel in ten bouts of 
25 sec. effort (abort-spell intermittent work), and number of revolutions observed at 
intervals of 30 sec. during the long-spell continuous effort of 250 sec. duration. 14. v. 31. 

After every 25 sec. pedalling in the intermittent work and also during 
the continnons effort the number of revolntions on the counter were noted. 
At frequent intervals the minor variations in the spring balance attached 
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to the ergometer were noted, these being averaged for each experiment in 
order more accurately to evaluate the eSective friction load due to the 
suspended weight. Fig. 1 shows how closely the rate of execution of the 
muscular movements coincided in the intermittent and continuous work 
spells. 

In the early experiments the intermittent work involved ten starts 
and ten stops, while the continuous effort was executed with one start 
and one stop; and as it was thought that possibly starting and the 
negative braking effort in stopping might affect the relative efficiencies 
of total performance, the later continuous work experiments were carried 
out with one stop and immediate start after every 25 sec. of pedalling, 
thus making the work as nearly as possible identical in the intermittent 
and continuous efforts except for the actual duration of effort in relation 
to periods of rest. 

The data for the experiments are given in Table III, which shows that 
in each experimental session the rate of pedalling, the total number of leg 
movements performed, the total amount of external work done and the 
work per leg movement, were as nearly as attainable the same whether 
the work was executed in bouts of 25 sec. effort (intermittent work), 
followed by rest up to 3 min., or in one continuous spell of approximately 
4 min. duration. 


Experiment 
date and 
order 

11. T. 31 i 
ii 

ill 

14V.31 i 

ii 

iii 

27. T. 31 i 

ii 

iii 

28. V. 31 i 

ii 

iii 

29. V. 31 i 

ii 

iii 


Table III. 



No. of 



Work per 

Total Og 


Character of 

starts 

Total work 

Total leg 

leg move¬ 

cost of 

Net 

and 

done 

move¬ 

ment 

work 

efficiency 

work 

stops 

kg.m. 

ments 

kg.m. 

litres 

p.c. 

Intermittent 

10 

5481-S 

556 

9-86 

12-735 

20-19 

Continuous 

1 

5426-2 

562 

9-65 

14-985 

16-99 

Intermittent 

10 

5339-4 

558 

9-57 

14-467 

17-32 

Continuous 

1 

5342-8 

582 

9-18 

13-680 

18-33 

Intermittent 

10 

5368-5 

574 

9-35 

12-195 

20-50 

Continuous 

1 

5529-9 

594 

9-31 

13-860 

18-73 

Continuous 

10 

5760-0 

576 

10-00 

15-525 

17-42 

Intermittent 

10 

5814-3 

574 

10-13 

14-850 

18-72 

Continuous 

10 

5822-0 

586 

9-94 

14-670 

18-62 

Continuous 

7 

4166-9 

382 

10-91 

11-430 

17-11 

Intermittent 

7 

4332-9 

392 

11-05 

11-205 

18-15 

Continuous 

7 

4057-8 

372 

10-91 

9*630 

19-77 

Intermittent 

10 

5355-7 

570 

9-39 

11-520 

21-82 

Continuous 

Intermittent 

10 

10 

5335-4 

5474-3 

562 

576 

9-49 

9-50 

12-780 

11-950 

19-59 

21-50 


The rate of pedalling -was 72 revs./min. throughout. 


Table IV gives the net efficiencies calculated &om the data in 
Table III and set out in order of performance of tbe effort whether 
intermittent or continuous. It is clear that whether the work done was 
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executed in skort spells or in long spells tkere was little difference in the 
efficiency of performance. 


Table IV. Net efficiencies in short- and long-spell work. 


Sliort-speU inter¬ 
mittent work 

20-19 


21-82 


Long-spell con¬ 
tinuous work 

16- 99 

18- 33 

17- 42 
17-11 

19- 59 


Short-spell inter¬ 
mittent -work 

17- 32 

20- 50 

18- 72 
18-15 

21- 50 


Long-spell con¬ 
tinuous work 


18- 73 
18-62 

19- 77 


The mean efficiency for the intermittent short-spell work was 19*74p.c. 
as compared with a mean efficiency of 18*32 p.c. for the same amount of 
work when executed at the same rate of muscular movement in one 
continuous effort. Although the difference between the mean efficiencies 
cannot be regarded as significant, yet it is worthy of note that when the 
subject executed the work in spells of short duration his net efficiency 
was on the whole slightly higher than when the same total amount of 
work was performed in one long spell. These experimental results are 
therefore entirely at variance with the general claim made by Simonson 
and Hebestreit that their experiments proved that the efficiency of 
performance was approximately twice as great in long-spell effort lasting 
6-10 min, as compared with that attained in work of 1 min. or less 
duration. 

As shown in Table I above, Dickinson obtained efficiencies 
varying from 114 p.c. at a maximum rate of pedalling to 21*8 p.c. with 
an optimum rate, namely an order of difference approximating to the 
results of Simonson and Hebestreit. Further experiments were 
therefore carried out in order to ascertain whether such a variation in 
efficispoy could be demonstrated when the subject performed the same 
"^otal amount of work in short-spell bouts at a maximum rate and in long- 
spell work at an optimum rate. 

In these experiments the subject did 6 min. work at a rate of 0*9 sec. 
per leg movement—this being the long spell*; the short-spell effort was 
for 6 min., each minute being made up of 20 sec. pedalling at a maximum 
rate of 0-29 sec. per leg movement followed by rest up to 1 min. 

As shown in Table V the efficiency of performance during the short- 
spell effort was from 5 to 7 p.c. less than that attained during the long 
spell. 

It is apparent from the data given in Table V, and from the well- 
known influence of variations in the speed of muscular movement on 
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Table Y. 


No. of starts and stops 
Rate of pedalling: revs./ndn. 
Total -work done: kg.m. 

Total leg movements 
Work per leg movement: kg.m. 
Total O 2 cost of work: litres 
Net efficiency p.c. 


Long-speU con- Short-spell inter- 
timioiis work at mittent work at 
optimum rate: maximum rate: 
0*9 sec. per leg 0*29 sec. per leg 
movement movement 


Long-speB con¬ 
tinuous work at 
optimum rate; 
0*9 sec. per leg 
movement 


6 6 6 

33 lOi 33 

3571-5 3823-5 3758-5 

382 406 404 

9-35 9-41 9-30 

7-530 11*580 8*370 

22-25 15*51 21*07 


efficiency, that the results of Simonson and Hebestreit may be, in 
part, accounted for by more rapid change in muscle form in work of short 
duration than in long-spell work. 

Hill [1932] drew attention to this possible explanation of their results 
in 1931, and since that date Simonson [1933] has re-examined his data 
and carried out further experiments in which he claims to have substan¬ 
tiated his former results and to have proved that variations in speed of 
movement could not account for the changes in efficiency which he has 
observed. In the later experiments Simonson and Sir kin a [1933] em¬ 
ployed a different type of effort, namely lifting dumb-bells varying in 
weight from 2 to 8 kg. In these experiments the subject first stood with 
arms by the side and then lifted the dumb-bell with extended arm until 
level with the shoulder. The lifting and lowering efforts were carried out at 
the same speed. Rates of 10 or 20 lifts per minute were studied and the 
duration of effort varied from | to 7 min. With this type of effort and with 
the lightest loads he found wide variations in efficiency in relation to 
the duration of the work. In some cases the efficiency attained in the 
7 min. spell was nearly 6 times as great as that for the J min. spell of 
similar work. Simonson gives his results in terms of small calories 
energy expended per kilogram-metre of work done, but this method of 
presentation obscures the fact that the type of work he selected was 
performed by his subjects at remarkably low efficiencies as shown in 
Table VI which gives some of his data and the actual efficiencies as 
calculated from them. 

It is well established that purely dynamic muscular effort in man can 
be performed with an efficiency of the order of 25 p.c., but if the character 
of the work involves postural strain or static effort, then the expenditure 
of energy per unit of external work as measured is proportionately 
increased and the efficiency of man as a whole is lessened. Such low 
efficiencies as 0-83,1*98, or 4*93 p.c. are probably due to a relatively large 
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Table VI. Efficiencies for dnm’b-'bell lifting. (Calculated from Simonson’s data 

[1933].) 


Efficiency 
ratio 

min./? min. 

5*9 
5*24 
3-08 

expenditure of energy by static effort of some kind, and it is of interest to 
note tkat when Simonson employed heavier dumb-bells, or iacreased the 
number of lifts per minute, he did not get such remarkable changes in 
efl&ciency in relation to the duration of the effort, and that the efiSiciency 
in the initial short-spell effort was higher. 

Simonson^s figures show that load and speed of movement in work 
of this character affect the efficiency profoundly. For example, with a 

6 kg. dumb-bell lifted in 0*75 sec. and lowered in 0*75 sec., for a period of 
\ min. (10 movements), the efficiency was 4*17 p.c., but with a 2 kg. 
dumb-bell lifted in 3 sec. and lowered in 3 sec. for a period of J min. 
(five movements) the efficiency was only 0*83 p.c., ix. one-fifth of the 
former efficiency although the duration of work was the same in both 
cases. 

It is evident that Simonson’s data, on the basis of which he claims 
to have established a two to sixfold increase in efficiency in work of 

7 min. duration as compared with the efficiency for work lasting min., 
were obtained using a type of work involving postural strain, static 
effort, submaximal loads and the execution of the muscular movements 
at suboptimal rates. Moreover, the increased efficiency ratio is calculated 
from initial experiments in which the expenditure of energy on dynamic 

was very small indeed. 

In discussing the method and results of the bicycle ergometer 
experiments described above as briefly referred to by Hill [1932], 
Simonson [1933] not only raises objection to the use of this 
ergometer but states that the time interval of rest up to 3 min. allowed 
for recovery after each 25 sec. pedalling was insufficient, and that to 
obtain his results 30 min , should be allowed between successive bouts of 
short-spell effort. It is quite true that in the bicycle ergometer experi¬ 
ments a number of short spells of work were carried out instead of one 
short spell only as employed by Simonson, but this modification of 
experimental routine was introduced for two reasons, namely to ensure 
that there would be a reasonably large increase in oxygen consumption 


mm. speU 7 min. spell 


Load 

kg. 

Lifts per 
min. 

cal./kg.m. 

Efficiency 

p.c. 

cal./kg.m. 

Efficiency 

p.c. 

2 

10 

280 

0-83 

47-5 

4*93 

4 

10 

202 

M6 

38*6 

6*07 

6 

10 

118 

1-98 

38-3 

6*12 
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due to tie work, and to enable the same total amouiit of work to be 
executed in tie short-spell bouts as a group as in tie long-spell effort. 

In view of Simonson’s contentions furtier experiments on tie 
bicycle ergometer iave been carried out and every effort has been made 
to obtain his results by using submaximal loads, very slow rates of 
pedalling and a single short-spell effort of 1 min. Tie same subject was 
used as for tie earlier experiments. The whole of tie expired air during 
work and recovery for tie 1 min. and 6 min. spells was collected as before, 
but in the case of the short-spell effort two D o uglas bags were used, the 
expired air for the 1 min. work and 3 min. recovery being collected in 
one bag while the second bag was used for 26 min. further recovery. 

It will be seen from the data of these experiments as shown in 
Table VII that Simonson’s results were not confirmed, for the mean 
ejfficiency for work of 1 min. duration was 17*86 p.c. as compared with 
18*19 p.c. for precisely the same type of effort when continued for 
6 min. 


Table VII. Efficiencies for short- and long-spell work on the bicycle ergometer. 



1 min. 

6 min. 

1 min. 

No. of starts and stops 

1 

1 

1 

Rate of pedalling: revs./min. 

20 

20 

20 

Total leg movements 

40 

240 

40 

Total work done: kg.m. 

152-9 

912-38 

153-79 

Work per leg movement: kg.m. 

3-82 

3-8 

3-84 

Total O 2 cost of work: c.c. 

442 

2165 

370 

Net efficiency p.c. 

16*23 

18-19 

19-5 


It should be noted that in the experiments detailed in Table VII the 
total work done in 1 and 6 min, respectively closely corresponded in 
amount to that done by Simonson’s subjects in the experiments on the 
horizontal puU ergometer, Table II above; but whereas SimdTrsnn’s 
1 min. spell showed an efficiency of 6*3 p.c. an efficiency of 16*23 p.c. was 
attained on the bicycle ergometer. It is possible, therefore, that static 
and postural components in Simonson’s effort may partly account for 
his results. 


Discussion. 

In all the experiments which have been carried out on the bicycle 
ergometer in which uniformity has been ensured in load, rate of working 
and speed of muscular movement, no material difference in efficiency has 
been observed whether the work was performed in short spells of 
1 min. duration or less, or in spells of work of 6 min. duration. 
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The results of this investigation do not support the conclusions of 
Simonson and Hebestreit who claim to have shown by experiments on 
a horizontal pull ergometer and dumb-bell lifting that a two to sixfold 
increase in efEciency occurs in man when the duration of muscular effort 
lasts for 6 or 10 min. as compared with similar work executed for I or 
1 min. Simonson contends that the type of effort involved in 
pedalling a bicycle ergometer is not suitable for demonstrating his 
results, but it is difficult to understand why, if his phenomenon is, as he 
claims, a fundamental characteristic of muscular work in man, it should 
not be demonstrable on a machine such as the bicycle ergometer on which 
the additional effort occasioned by the work is mainly dynamic and 
expended by the effector muscles themselves with almost a minimum of 
postural strain. It would appear from what has already been said that 
the type of work selected by S i m o n s on is not suitable for the study of the 
fundamentals of dynamic muscular effort in man, and therefore that the 
results of his experiments do not constitute sufficient justification for 
him to advance criticisms of existing theories of the intimate metabolic 
processes involved in muscular contraction, or to make generalizations 
in regard to the effect of duration of work on efficiency. 

Although it is necessary to criticize Simonson’s deductions on these 
grounds it is not thereby intended to throw any doubt on the accuracy of 
his experimentally determined data, for if his results are considered in the 
light of recent work on muscle it is apparent that they are precisely what 
would be predicted as likely to be found in experiments of the nature 
carried out by him. 

Adrian and Bronk [1928, 1929] showed that increasing strength of 
contraction (lifting the heavier dumb-bells in Simonson’s experiments) 
is the result of increased frequency of motor impulses leading to a fused 
tet aiiAajs-’tQgether with the employment of a larger number of neuro¬ 
muscular elements in some cases. Bronk [1930] showed by a series of 
experiments on the sartorius of the frog that it is possible for a muscle to 
exert a continued force more economically if separate muscle twitches 
give place to a fused tetanic contraction, and that the economy in 
energy expenditure increases with the degree of fusion of the twitches 
until complete fusion is reached. The increase in economy, or in the 
efficiency of production of ''tension-time” amounted to three or fivefold 
with increasing fusion of twitches due to increased frequency of stimula¬ 
tion, and it is of interest to consider this result in connection with 
Simonson’s experiments, quoted above, in which in the case of a light 
load (2 kg. dumb-bell lifted slowly) the efficiency was 0*83 p.c., while for 
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a 6 kg. dumb-beil lifted four times as rapidly but for tbe same duration of 
work, -I min., tbe efficiency was 4*17 p.c., i.e. five times as great. 

However, tbe main point at issue in tbe present discussion is tbe 
variation in efficiency in relation to duration of effort, and here again a 
clue to tbe explanation of Simonson’s two to sixfold increase in 
efficiency is to be found in tbe recent studies on tbe beat production and 
economy of energy expenditure in maintaining muscle contraction. 
Bronk [1930] recalled tbe fact that tbe earlier work of Hartree and 
Hill [1921] indicated that tbe beat production at tbe commencement of a 
contraction is relatively greater than at later periods during its mainten¬ 
ance. From tbe point of view of tbe economy of production of tension 
time in relation to duration of stimulation Bronk investigated tbe 
well-known characteristic of muscle that prolonged stimulation at a 
uniform frequency initially below that required to produce summation 
leads finally to a complete tetanus. Working with tbe sartorius of tbe 
frog be found that with tbe increasing fusion of twitches as tbe stimulus 
was prolonged tbe economy in maintaining muscular tension also increased 
until at tbe end of a 2 min. period of stimulation at a frequency of 4 per 
second more than a fivefold increase in economy was recorded. 

Bozler [1930] working with tbe retractor muscle of tbe pharynx of 
tbe edible snail obtained results s im ilar to those of Bronk and showed 
that tbe economy of maiataining tension in long contractions increases 
six to ten or even fifteenfold following a few minutes’ moderate exercise. 
More recently Bronk [1932] carried out experiments on crustacean 
muscle, and with tbe adductor muscle of tbe crab proved that tbe 
iacrease in economy of maintaiuing contractions is due to tbe slowing of 
tbe muscle as a result of previous contractions. This slowing of tbe muscle 
and prolongation of relaxation time permits summation and fusion of 
twitches in spite of a very low frequency of motor impulses, and u4th 
increasing fusion of twitches tbe economy of maintaiaing tbe contraction 
increases four or fivefold. 

Tbe results of these investigations have an important bearing on 
problems concerning tbe maintenance of postural tone and tbe prolonged 
contractions involved m static effort. On tbe other band, in rapid 
dynamic effort, involving bttle postural strain or static effort, as in tbe 
case of rapid pedalling on tbe bicycle ergometer, tbe changes produced by 
prolonged activity in tbe time relations of contraction would have little 
influence, except on tbe optimum speed. Inasmuch as tbe type of work 
studied by Simonson involved a large—^indeed a predominant—static 
component, ample opportunity was afforded for tbe slowing of muscle 
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contractions resulting from previous activity to increase the efficiency. 
It seems reasonable therefore to ascribe the increase in efficiency with 
prolongation of effort which he observed to the presence of relatively 
large static and postural components in the work. If this explanation of 
Simonson’s results be true, then his experiments serve to confirm in 
man the teachings of studies of prolonged contraction in isolated muscles, 
but it would necessarily follow that any generalization from them as to 
the increased efficiency of muscular work in man with prolongation of 
effort must be limited to types of muscular work in which static and 
postural components predominate. 

SUMMAEY. 

Experiments have been made in order to ascertain whether the 
duration of effort affects the efficiency of muscular work in man when the 
load, rate of working and speed of shortening of the effector muscles are 
carefully controlled. 

The type of work selected was pedalling a Martin’s bicycle ergo- 
meter in which the muscular effort is primarily dynamic. 

The total excess oxygen used for work and recovery [a) in short-spell 
efforts of 25 sec. to 1 min. duration, and (6) for 4 or 6 min, similar work, 
has been determined and the net efficiencies of performance calculated. 

No material difference in efficiency was found whether the duration 
of work was 1 min. or less or 6 min., and it is concluded that provided 
the effort is primarily dynamic and the speed of muscular movement, 
load and rate of workmg are the same, the actual duration of work has 
little if any effect on the net efficiency of performance. 

The results of this investigation are in accordance with predictions 
based nn previous work, but they are in complete disagreement with the 
contentions of Simonson and Hebestreit who claim to have shown 
that a two to sixfold increase in efficiency occurs in man in muscular 
work of 6 to 10 min. duration as compared with similar effort exerted for 
1 min. or less. 

It is suggested that the predominant static and postural components 
in Simonson and Hebestreit’s experiments accounted, at least in 
part, for their results, particularly in view of the known fact that the 
economy of maintaining a prolonged contraction is increased by previous 
activity. 

I am greatly indebted to Prof. A. V. Hill for bis bdpM criticism and interest. 
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ACTION OF ACETYLCHOLINE ON THE BRAIN 
AND ITS OCCURRENCE THEREIN. 

By B. B. DIKSHIT. 

{From the Department of Pharmacology^ University of Edinburgh,) 
{Received December 6, 1933.) 

The fact that the parasympathetic and the sympathetic nerves produce 
their effect by a specific chemical substance has been demonstrated 
by several workers. Dixon [1906], Howell [1906] and Sherrington 
[1925] suggested this possibility, while the work of Loewi [1921] on the 
amphibian heart definitely showed that parasympathetic stimulation 
liberated a substance resembling acetylcholine, and sympathetic stimula¬ 
tion liberated a substance resembling adrenaline. The work of Dale and 
Gasser [1926] on the denervated mammalian muscle and the subse¬ 
quent demonstration of acetylcholine in the normal tissues by Dale and 
Dudley [1929] considerably helped in establishing the theory of humoral 
transmission. Literature concerning the theory of humoral transmission 
has been discussed by Dale in his Croonian lecture [1929], and the 
account given there shows that most of the work done has been concerned 
witii^'the peripheral terminations of the nerves. Evidence is presented in 
.^thTs paper which suggests that humoral transmission may occur in the 
central nervous system. 

Cushing [1931] found that injections of pituitrin and of pilocarpine 
into the brain ventricles produced similar effects, although these two 
drugs produced totally different effects when given intravenously. He 
suggested that the drugs when given intraventricularly stimulated centres 
situated in the wall of the ventricles. This work suggested the possibility 
of vago-mimetic drugs stimulating the vagal centres when injected intra- 
ventricularly, and the writer made experiments to compare the effects 
produced by central stimulation of the vagus and intraventricular in¬ 
jection of acetylcholine. 

Vagal control of respiration has been a subject of considerable ex¬ 
perimentation, and there is a certain degree of unanimity about the 
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effects produced by stimulation of the central end of the vagus on respira¬ 
tion. Rosenthal [1865] first showed that stimulation of the central end 
of the vagus caused inhibition of respiration, and many other workers 
have confirmed this observation since then. The effects produced depend 
on the strength of the stimulus; weak stimuli cause an inhibition and 
sometimes an acceleration of respiration, but a sufficiently strong current 
always produces inhibition. 

Methods. 

Cats were used in all experiments. The animals were anaesthetized 
with paraldehyde (1 c.c. per kg.) and ether or urethane (1*8 g. per kg.). 
Respirations were recorded by a tracheal cannula connected to a tambour 
and the blood-pressure by a cannula in the carotid artery. The vagi on 
both sides were dissected and cut in the middle of the neck. It was foun 
that electrical stimulation of the central end of the cut vagus alwa. ^ 
caused a complete cessation of respiration if a sufficiently strong stimulus 
was used. Acetylcholine was injected into the ventricles through a small 
hole trephined at the junction of the coronal and sagittal sutures. 
Actions produced by the mechanical effects of the injection were con¬ 
trolled by injecting an equal volume of saline before and after the acetyl¬ 
choline injections. 

Effects of ixtbavextricular injections of acetylcholine. 

Fig. 1 shows the effect of an intraventricular injection of 0*5y of acetyl¬ 
choline. This produced a complete inhibition of respiration for about 
30 sec. The drug given by this route produced no certain effect on the 
blood-pressure, for the slight but long continued fall in blood-pressure 
observed was probably due to the mechanical effects of cessation of 
respiration. The effects produced by intraventricular injections of acetyl¬ 
choline in experiments on thirty cats are summarized in Table I. Table I 
shows that there is an extensive indi\ddual variation in the response to 
acetylcholine as regards the amount needed to produce an effect. The 
effects produced by acetylcholine were completely reversible, and several 
injections could be given to a single animal. In only two cases out of 
thirty-two did the animals fail to respond to a dose of 2y of acetyl¬ 
choline. 

In a few experiments injections of less than 0*5y acetylcholine pro¬ 
duced acceleration of respiration, and in such cases it was found that 
stimulation of the central end of the vagus also produced augmentation 
of respiration. 
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A few experiments were made in which any secondary effects due 
to interference with ventilation were eliminated. Movements of the 
diaphragm of cats were recorded by a modification of the technique 
described by Thomas and Frank [1928]. 



Fig. 1 . Cat’s respiration (e) and blood-pressnre (b.p.). At A 0-5 7 of acetylcholine 
injected in the right lateral ventricle. Time, 2 sec. 


Table I, Effects produced by intraventricular injections of acetylcholine. 


Dose of 
acetylcholine 
in 7 

0-05-0*5 
0*5 -1*0 


Incidence of effects 


Cessation of Depression and No 

respiration for slowing of effect on 

10 sec. or more respiration respiration 
2 17 4 

4 12 


Under artificial respiration a strip of diapkragm about 1 cm. wide and 
4 cm. long was isolated in sucb a way tbat the phrenic nerve ran along the 
centre of the strip. The vessels accompanying the nerve were isolated and 
cut, but the nerve was left intact. The lower end of the strip was fastened 
f 0 a fixed rod and the upper end connected to a writing lever. The strip, 
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if moistened witt Locke’s solution, contracted regularly for a considerable 
time. 

Fig. 2 shows a typical record of an experiment. This figure shows that 



Fig. 2. Cat’s diapliragni strip movements (d.m.) and blood-pressure (b.p.). At A , Stimulation 
of the central end of the left vagus. B, Injection of 0*1 y of acetylcholine in the third 
ventricle. Time, 2 sec. 


the action of intraventricular acetylcholine on respiratory movements 
occurs when artificial respiration is maintained and when the muscle is 
isolated from circulation. Therefore the drug must act on the central 
nervous system. 
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Small doses of atropine (0*5 mg. per kg.) suffice to abolish the effects 
produced hj intravenous injections of acetylcholine and the latter are 
augmented by small doses of physostigmine (0*1 mg. per kg.). The in¬ 
hibition of respiration produced by intraventricular injections of acetyl¬ 
choline is not affected by atropine when the latter drug is given either 
intravenously or intraventricularly. Furthermore, atropine does not 
affect the inhibition of respiration produced by stimulation of the central 
end of the vagus. 

Atropine was given in doses of 0*1-1 mg. intravenously (seven experi¬ 
ments) and 0*02-0*1 mg. intraventricularly (three experiments). In no 
case was any change observed in the effects produced by intraventricular 
injections of acetylcholine (0* 1-0*5y), given before and after the atropine. 

The effects of stimulation of the central end of the vagus were ob¬ 
served in thirty experiments before and after similar doses of atropine, 
and in no case did this drug cause any change in the effects produced. 

Engelhart and Loewi [1930] showed that physostigmine inhibited 
the hydrolysis of acetylcholine by an esterase commonly present in the 
blood. If therefore the inhibiting action on respiration seen after stimula¬ 
tion of the central end of the vagus is due to liberation of acetylcholine, 
it might be expected to be enhanced by intravenous and intraventricular 
injections of physostigmine. It was however found that neither intra¬ 
venous nor intraventricular injections of physostigmine materially altered 
the effects of vagus stimulation or produced any other detectable change 
in the effects of intraventricular acetylcholine. 

Physostigmine was given in doses of 0*1-2 mg. intravenously to ten 
animals, and intraventricularly to fourteen animals. In no case was any 
change observed in the effects produced before and after these injections 
by either central stimulation of the vagus or by intraventricular injec¬ 
tions of acetylcholine. 

These experiments show that the respiratory inhibition produced by 
intraventricular administration of acetylcholine is neither paralysed by 
atropine nor augmented by physostigmine, and that the same is true of 
the effects produced by stimulation of the central end of the vagus. 

There are, however, various peripheral actions of the vagus and of 
acetylcholine which are not antagonized by atropine. For example, 
atropine does not abolish the augmentor effect of the vagus on the in¬ 
testinal movements. Similarly the vaso-dilator effect produced by anti¬ 
dromic stimulation of the sensory nerves is not affected by atropine, 
although this abolishes the vaso-dilator action of acetylcholine. The 
anomalies observed in regard to the antagonism of acetylcholine by 
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atropine have been discussed by Dale [1929]. Dale and Gaddum 
[ 1930 ] observed that the action of acetylcholine on denervated mam- 
malian muscle is not abolished by atropine. Dale [1929] in his general 
discussion pointed out that, in various other cases, effects produced by 
nerve stimulation 'vhich mimicked acetylcholine action showed a similar 
difference as regards the effect of atropine. He concluded that the failure 
of atropine to paralyse the vaso-dilator effect of antidromic stimulation 
of sensory nerves did not disprove the hypothesis that this effect was 
due to liberation of acetylcholine. 

The experiments described above show that intraventricular acetyl¬ 
choline and central stimulation of the vagus produce very similar inhibi¬ 
tion of respiration. The simplest explanation is to assume that central 
stimulation of the vagus liberates acetylcholine, and this theory is not 
disproved by the failure of atropine and physostigmine to influence the 
response, because these drugs do not influence the response of intra¬ 
ventricular administration of acetylcholine. 

Effects of stimulation of the central end of the vagus depend upon the 
strength of the stimulus. With a weak current it is not unusual to find 
that, during the period of stimulation, there is actually an increase in the 
rate as well as depth of respiration and the action of inhibition comes on 
after cessation of the stimulus. In animals with normal respirations the 
apnoea might conceivably be a physiological one following hyperpnoea. 
If, however, this effect is studied in animals under artificial respiration 
whose respiratory movements are studied by the diaphragm strip method, 
it becomes obvious that the apnoea is a true effect of vagal stimulation. 
It is easier to explain these delayed effects by a secretory theory than by 
any other, for it can be argued that during the period of stimulation a 
chemical substance is liberated which persists after cessation of the 
stimulus. The increase in the rate and depth of respiration may be ascribed 
to the immediate effect of stimulation of an afferent nerve, while the delay 
in the cessation of respiration which occurs after cessation of the stimulus 
is an effect that su^ests the liberation of an active chemical substance. 

Beattie, Bro w and Long [1930] observed that stimulation of the 
central end of,tie vagus in cats under light chloroform ansesthesia pre¬ 
cipitated irregularities in hearts which were heating regularly before the 
nerve stimulation. In a certain proportion of cases I have observed 
irregularities of the heart precipitated after stimulation of the central 
end of the vagus. Injections of small doses of acetylcholine (0T~0*5y) 
in the lateral ventricle of such animals also produced irregularities of 
the heart. 
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It would appear from the experimental data given above that there 
is some reason to believe that an acetylcholine-like substance might be 
liberated in the brain during stimulation of the central end of the vagus. 
If it is liberated in the brain it should eventually appear in the cerebro¬ 
spinal fluid. Attempts were therefore made to see if any such substance 
could be detected in the cerebro-spinal fluid after stimulation of the 
central end of the vagus. 


Occurrence of acetylcholine in the cerebro-spinal 

FLUID AND THE BRAIN. 

Cats were used for these experiments, artificial respiration was em¬ 
ployed and the central end of the vagus was stimulated with a current 
sufficiently strong to produce a cessation of respiration. Immediately 
after or during the nerve stimulation, the cisterna magna was tapped by 
a medium-sized needle and about 1 c.c. of clear cerebro-spinal fluid with¬ 
drawn. Another sample was collected about 20 min. later, and the two 
samples were tested on the blood-pressure of cats and on isolated ventri¬ 
cular strips of the frog’s heart, to determine whether any acetylcholine¬ 
like substance was present. The object of these experiments was to de¬ 
termine whether a greater amount of depressor substance was present in 
the cerebro-spinal fluid after stimulation of the central end of the vagus 
than was present in the control specimen. The simple comparative nature 
of this estimation makes it unnecessary to discuss the nature of the effects 
produced by the injections. 

Injections of normal cerebro-spinal fluid intravenously produce very 
varying results on the blood-pressure of cats, and the exact significance 
of the results obtained from such experiments is therefore obscure. In 
these experiments only the comparative action was taken into considera¬ 
tion to see if any depressor substance was liberated in the cerebro-spinal 
fluid after central vagal stimulation when no such substance could be 
detected in the normal cerebro-spinal fluid, or if any depressor substance 
was present in the normal whether its quantity was enhanced after vagal 
stimulation. 

Thirty experiments were made, and in twenty-seven no certain dif¬ 
ference was observed as regards the vaso-depressor actions produced by 
the intravenous injections of the two samples of cerebro-spinal fluid. In 
two cases the sample collected after vagal stimulation produced the 
greater action, but in one case the control sample showed the greater 
action. 
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The cerebro-spinal fluid also was tested for acetylcholiue upon the 
frog^s heart. The fluid was diluted with half its volume of water and was 
applied to isolated ventricular strips according to the method used by 
Clark [1926]. Twenty-one experiments were made and the results were 
negative in nineteen cases, but in two cases the cerebro-spinal fluid 
obtained after vagal stimulation produced a depressor action, which was 
aboKshed by atropine, although the control sample produced no effects. 

The tests on cats' blood-pressure and on the frog's heart should detect 
the presence of about 0*01 y of acetylcholine in 1 c.c. (1 in 100,000,000). 
The general result of the tests is to show that in the great majority of cases 
the acetylcholine content of the cerebro-spinal fluid, both before and 
after vagal stimulation, is less than 1 in 100,000,000, but that occasion¬ 
ally vagal stimulation causes the appearance in the cerebro-spinal fluid 
of an acetylcholine-like substance with an action equivalent to a con¬ 
centration of acetylcholine of about 1 in 100,000,000. 

Attempts also were made to demonstrate the presence of acetyl¬ 
choline in the brain. 

Since the observation of Schafer and Moore [1896] that intra¬ 
venous injections of brain extracts produce a fall in blood-pressure, there 
has always been a controversy about the nature of the substance in those 
extracts. Mott and Halliburton [1899] thought it to be choline, while 
Yincent and Sheen [1903] did not think it to be so. The controversy 
narrowed to a smaller issue after some time, the point of discussion being 
whether the important" substance present was choline or not. Apart 
from pharmacological tests acetylcholine was demonstrated in the brain 
extracts by chemical methods also [Gulewitsch, 1899], Later researches 
[Miller and Miller, 1911; Major and Weber, 1929, 1930; Major, 
Nanninga and Weber, 1932; Euler and Gaddum, 1931] have shown 
that there are several substances present in the brain which have a de¬ 
pressant action on the blood-pressure. Chang and Gaddum [1933] 
estimated the acetylcholiue equivalent of dog’s brain as 04y per g. of 
tissue. This value is lower than those found for many other tissues of the 
dog such as the intestines and the auricle. 

The author [1933] estimated the acetylcholine content of the brain 
by the following method. 

Fresh brains of cats and rabbits were used for this purpose. The extracts 
were prepared by macerating different parts of the brain in an acetone- 
water-acid mixture containing 76 p.c, acetone, 15 p.c. distilled water and 
10 p.c. W/100 acetic acid. The emulsion was allowed to stand for 24 hours 
at 5® C., filtered and evaporated to dryness in vacuo at room temperature. 
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The residue was dissolved in distilled water and used for injections as 
crude extract. 

The pharmacological properties of this extract were found similar to 
those of acetjdcholine. It lowered the blood-pressure after an intra¬ 
venous injection, and the nature of the fall so produced was indis¬ 
tinguishable from that produced by acetylcholine. It produced contraction 
of the isolated gut of the rabbit, depressed the perfused frog's heart and 
inhibited the respiration of the cat after an intraventricular injection, 
in the same manner as acetylcholine. 

The acetylcholine equivalent of the extracts was estimated by mea¬ 
suring the fall in cat's blood-pressure produced by intravenous injections. 
Results obtained are summarized in Table II. The value obtained in the 
case of the cat agrees with that obtained by Chang and Gaddum [1933] 
in the dog. 

Table II. 

Acetylcholine equivalent of extracts 
of the basal ganglia in y per g. 
fresh tissue 


Animal 

No. of expts. 

r 

Bange of figures 

Mean 

Cat 

10 

0-2 -1-3 

0*47 

Babbit 

4 

0'04-1-0 

0-15 


Extracts were also made of the cerebral cortex and cerebellum. The 
cortical extracts were only slightly weaker than the basal ganglia ex¬ 
tracts, but the cerebellar extracts showed only half this activity. 

The nature of the depressor substances present in the brain has been 
discussed by Euler and Gaddum [1931] and the general principles 
regarding biological demonstration of acetylcholine by Chang and 
Gaddum [1933]. These workers have shown the multiplicity of bio¬ 
logically active substances present in tissue extracts. Their work shows 
that the foUowiug tests for acetylcholine deserve special consideration: 
(1) production of a vaso-depressor action which is abolished by atropine, 
and (2) production of a contraction of the isolated rectus abdominis of 
the frog which is augmented by physostigmine. 

Dr Stedman kindly provided me with a purified acetylcholine 
esterase isolated from horse blood [1932]. This esterase breaks down 
acetylcholine, its action is rapid for it completely destroys acetylcholine 
in high dilutions in less than 5 min., and as far as is known its action is 
specific for choline esters- This substance therefore provides a simple 
method for testing the presence of acetylcholine in extracts. By itself it 
has no detectable pharmacological action on blood-pressure dr respica- 
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tion, and produces no alteration in the records of these so as to interfere 
with quantitative estimations. Another advantage of this method is that 
iniections of extracts and acetylcholine can be repeated in the same 
animal and results obtained thus properly controlled. I have used the 
following technique to demonstrate acetylcholine in the brain extracts. 

The extract to be tested is divided in three equal portions. The first 
is injected intravenously and the effects on the blood-pressure noted. The 
esterase is added to the second and, after about 5 min., this is injected 
intravenously as before. The third is used as a control to see if the re~ 
sponse is the same as the first one. Usually the first and third injections 
show the same degree of vaso-depression while the second shows either 
no fall of blood-pressure at all or a comparatively smaller fall. 



Fig. 3. Cat’s blood-pressure (b.p,). A, 0*5 c.e. of basal ganglia erbract given intravenously 
B, 0*5 c.c. of tbe same extract treated witb esterase before administration. Time, 
10 sec. 


Brain extracts tested in ttis way siow that the relative quantities of 
acetylcholine and the other depressor substances present in the brain 
vary a good deal. It is not unusual to find an extract whose depressor 
activity is completely abolished by treating it with the esterase. Fig. 3 
shows the results obtained in one such experiment. The first injection 
produced a fall of hlood-pressuie which was completely abolished by the 
action of the esterase. 

I have obtained about the same results with atropiue. Atropine 
abolishes the depressor activity of some extracts only partially and of 
others completely. Fig. 4 shows the complete antagonistic action of 
atropine on the depressor effect of the basal ganglia extract. 

The extracts were also tested on the isolated rectus abdominis of frogs 
{B. temporaria and esculenta). Application of extracts to these produced 
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a contraction wMch was markedly enkanced by soaking the muscle in a 
1: lOOjOOO solution of pkysostigmme. This effect is a specific test for 
acetylcholine, and it can be concluded from all these experiments that 
one of the depressor substances present in the brain extracts is acetyl¬ 
choline. 



Mg. 4. Cat’s blood-pressure. Drum turned back to get superimposed tracings. O'o c.c. of 
basal ganglia extract injected twice at the signal. .4, Tracing before intravenous 
atropine. Tracing after atropine. Time, 10 sec. 


■Discussion. 

The presence of an acetylcholine-libe substance in the brain, its higher 
concentration in the basal ganglia which is supposed to he the seat of a 
number of visceral activities and its occasional occurrence in the c.s.f. 
after vagal stimulation appear to be of some significance when viewed 
along with the fact that stimulation of the central end of the vagus, and 
injections of small quantities of acetylcholine in the ventricles of the 
brain have a similar action on respiration. The delayed effects of vagus 
stimulation and the occasional production of cardiac irregularities after 
vagal stimulation and intraventricular acetylcholine injections also sup¬ 
port the view of humoral transmission in the central nervous system. 
The evidence so far collected in support of the theory of humoral trans¬ 
mission is chiefly indirect, the only direct evidence being the occasional 
occurrence of a vaso-depressor substance in the c.s.f. after vagal stimula¬ 
tion when no such substance could be detected in the normal c.s.f. It has 
however been possible to present certain data which suggest that such a 
transmission is possible. 
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Summary. 

1. Injection of acetylckoline (0*l-l*0y) into the cerebral ventricle of 
cats causes effects similar to those produced by stimulation of the central 
end of the vagus, namely arrest of respiration and, occasionally, cardiac 
irregularity. 

2. Intraventricular injections of acetylcholine (0*l-l*0y) do not pro¬ 
duce a fail of blood-pressure. 

3. The effects produced by intraventricular injections of acetylcholine 
are not affected by administration of large doses of atropine or of 
physostigmine. 

4. Extracts of the basal ganglia contain a depressor substance which 
shows the properties of acetylcholine in a variety of biological tests. The 
acetylcholine equivalent of this substance is 0-4y per g. of basal ganglia 
in cats. 

0, The cerebellum and cortex contain less of this substance than the 
basal ganglia. 

I desire to aclmowledge my indebtedness to Prof. A. J. Clark for suggestions and con¬ 
stant kelp tliroughout the course of these esperiments. The expenses of the research were 
defrayed by a grant from the Moray Fund of Edinburgh University. 
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ESTIMATION OF FIBRINOGEN AND THROMBIN. 

By J. 0. WAKBLIN BARRATT. 

[From ike Department of Bacteriology, Serology and Experimental 
Pathology, Lister Institute of Preventive Medicine.) 

(Received November 3, 1933.) 

The objective of the experiments about to be described is the estimation 
of fibrinogen and thrombin. The former is estimated in terms of the 
amount commonly present in human blood plasma to which 0-3-0-7 p.c. 
of trisodium citrate has been added: this amount will be shown later to be 
remarkably constant. The source of thrombin is the venom of Echis 
carinatus, a small Indian viper; the unit of concentration of thrombin is 
taken as that concentration which will completely convert into fibrin 
the fibrinogen contained in normal human plasma. 

The methods employed for estimation are based upon the efiect on 
fibril formation of diminution of one or other component of the coagulant 
mixture [Barratt, 1915]. The term ^^coagulation time’’ is used in this 
investigation to signify the time of onset of coagulation indicated by the 
first appearance, under dark-ground illumination, of fibrils of fibrin. For 
dilution of plasma or venom 0*85 p.c. NaCl solution was employed. The 
temperature of experiment was 16-18° C. 

In the observations given in Tables II and III equal parts of citrated 
plasma and venom solution were taken, in all other observations the 
proportion was nine of the former to one of the latter. The actual con¬ 
centration of plasma and venom present in the mixed liquid in each 
observation is given in the tables in the second and third columns 
respectively. 

Estimation of fibrinogen. 

If equal amounts of thrombin are added to a series of increasing 
dilutions of fibrinogen, contained in citrated human plasma, the coagula¬ 
tion time is found to increase with each successive dilution, as is illus¬ 
trated by the experiment set forth in Table I and by the curve to the 
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Table I. The effect of dilution of fibrinogen upon coagulation 
time (cp. Table IV). 


Concentrations used for 
coagulation 


Coagulation time [t] 
in min. 


Observa- Plasma { 2 :) 
tion p.c. 

1 88 

2 44 

3 22 

4 11 


Venom {y) 

1 in 640,000 

jy 

?y jy 


< \ 

Calculated 

Observed for ^ = 5 - 15 / 2 ;®*“ 


5-00 

5-5 

9-00 

7-8 

11-00 

11-0 

14-75 

15-6 



Fig. 1. The effect upon coagulation time of dilution of fibrinogen is shown in the curve to 
the left (Table I) and of thrombin to the right (Table IV). Scale: abscissae, periods of 
100 min.; ordinates, concentration of plasma, 39 p.c. (curve to left), or venom, 1 in 
1,540,000 (curve to right). Obs. 1-7, Tables I and IV, form a single series. 


left in Pig. 1. In this and other experiments the relation between coagu¬ 
lation time {t) and relative concentration of fibrinogen, i.e. percentage of 
plasma ( 2 ;), is given by the equation 

^ = ..(1) 

where a is a constant varying in individual experiments and having the 
value 5*15 for that given in Table I. The constant f lies within a limited 
range of valnes: its average value in numerous experiments was 0-5. 

Relative values of the content of fibrinogen in different solutions of 
fibrinogen may be readily obtained by equation (1) from the coagulation 
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times observed wlien tbe same amount of tbrombin bas been added, to 
each, solution. If the concentration of fibrinogen is very low some 
difficulty may. however, be experienced in ascertaining the exact moment 
at which fibrils first appear, the thickness of the fibrils becoming ex¬ 
ceedingly small so as to render rapid recognition impossible. In a dilution 
containing 0‘7o p.c. of normal human plasma fibrils cease to appear and 
•■‘setting” is difficult to detect or no longer recognizable (Table II). The 
value of f, it may be noted, was found to range in different experiments 
between 0-35 and 0-60. 

Another method of estimation which avoids the difficulty of exact 
determination of coagulation time in high dilutions of fibrinogen, when 
fibrils are of liminal -visibility, is the following, based upon ascertainment 
of the point at which -visible fibril formation ceases. A series of dilutions 
of the Hquid whose content of fibrinogen is to be determined is made, and 
to each the same amount of thrombin is added, a sample of each being 
then placed in a glass cell, sealed with vaseline, for examination under 


Table II. Tlie diiution of plasma at which addition of thrombin fails 
to give rise to visible fibrils of fibrin. 


Concentrations used 
for coagulation 

__A__ 

{ y, 

Observa- Plasma 
tion p.c. Venom 


1 

2 

i 

4 


0-75 1 in 320,000 

„ 1 in 1,280,000 

„ 1 in 320,000 

„ 1 in 1,280,000 


5 „ 1 in 320,000 

6 „ 1 in 5,120,000 


Condition of clot 

__A__ 

I ... 

Consistence Fibrils 

Very soft Absent 

Soft „ 

Very soft „ 

Remained „ 

liquid 

Soft „ 

Very soft „ 


Description of 
plasma 

_A ^ - 

( \ 

Age 

Sample (days) 

a 0 

h 0 

c 1 

d 1 

a 7 

h 43 


dark-ground illumination at the end of 24 hours. The dilution at which 
visible fibrils cease to be formed is in this way ascertained. By a compari¬ 
son of determinations thus made for different solutions, an estimate of the 
corresponding relative concentrations of fibrinogen is obtained. It will 
be noted that, in this method, only the presence or absence of fibrils is 
noted, no attempt being made to determine the time at which fibrils 
become visible. The dilution at which visible fibril formation ceases 
corresponds, as already mentioned, to a concentration of normal human 
plasma of 0-T5 p.c. 

By the use of these two methods relative estimations of fibrinogen 
may be made. In order to obtain absolute determinations a standard 
value of fibrinogen is required. This cannot be given in terms of a definite 
amount of fibrinogen owing to the circumstance that it is not at present 
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possible to obtain fibrinogen in a state of purity or even in a stable form, 
but a natural unit of concentration is furnislied by liiimaii blood plasma, 
wMcli in bealtb appears to exhibit very small variation of its content of 
fibrinogen. The limited range of variation is shown by the appearance of 
nearly identical coagulation times when simultaneous determinations are 

Table III. Experiment illustrating the extent of variation of content 
of fibrinogen in human plasma. 

Concentrations used for 
coagulation 


Observa¬ 

f- - 

Plasma 


Coagulation 

time 

>Source 

of 

tion 

p.c. 

Venom 

(min.) 

plasma 

1 

47 

1 in 1,767,000 

15-0 

^4 

2 


jj 

15-0 

B 

3 


1 in 2,580,000 

19*5 

.4 

4 


9^ 99 

19*5 

B 

5 


1 in 394,000 

5*3 

A{1) 

6 


JS JJ 

5*3 

A (14) 



JJ >5 

5*2 

A (66) 

8 

5 J 

if if 

5*3 

A (98) 

9 

,, 

if a 

5*5 

A (182) 

10 


if a 

5*2 

A (198) 


made with citrated plasma from different individuals, equal amounts of 
thrombin being added in each case. The same is indicated still more 
strikingly when comparative tests are made with citrated plasma obtained 
at different times from the same individual, such determinations being 
rendered possible by the use of venom, deterioration of which at 0° C. is 
very slow [Barratt, 1932]. Illustrative observations are shown in 
Table III. In the first four, two samples of citrated plasma obtained from 
different individuals are found to have identical coagulation times when 
tested shortly after collection (1 and 2) and again 2 days later (3 and 4). 
The next six observations (5-10) are made with samples of human plasma 
from the same subject, taken at intervals (given by the figures in brackets 
in column 5) during a period of 198 days. Since the coagulation time is 
practically identical in these experiments, it follows that neither the 
content of thrombin in the solution of venom employed, which was made 
up two years before the first experiment, nor the content of fibrinogen in 
the samples of plasma, varied in any marked degree during the period of 
experiment. The plasma in Obs. 5-10, it may be observed, was examined 
shortly after collection of blood except in Obs. 10, in which it was 24 hours 
old when used. The content of fibrinogen in normal human plasma thus 
furnishes a standard, which may be taken to represent unit concentration. 
Estimations in terms of this unit may be made in liquids containing 
fibrinogen by either of the two methods given above. 


PH. LXXX. 


28 
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Estimation of thrombin. 

If tkrombin is added to plasma in diminishing amounts, coagulation 
takes place with increasing slowness. The relation between the time re¬ 
quired for ^‘setting’’ to occur (#) and the amount of thrombin added {y) 


was found by Fuld [1902] to be given by the equation 

log 0-585 log .(2) 

Martin [1905], using snake venom, observed the relation 

constant .(3) 


when the quantity of thrombin added was small: with large amounts of 
thrombin the observed values of t were greater than the calculated 
periods. Rettger [1909] also noted that equation (3) failed if a maximum 
amount of thrombin was employed, further increase of thrombin no 
longer causing a di min ution of the time of coagulation. Similar results 
were obtained by Barratt [1915]. 

If, however, the plasma employed is citrated and the coagulation 
period taken as the time required for the formation of visible fibrils of 
fi.brin (this being capable of more exact measurement than the occurrence 


of ‘‘setting’') the relation 



(4) 


is obtained, where h is constant only for individual experiments, while q 
varies within narrow limits, ranging in difierent experiments between 
0*65 and 0-75. This is illustrated by the experiment detailed in Table IV 


Table IV. Tiie eilect of dilution of thrombin upon 
coagulation time (cp. Table I), 

Concentrations used for Coagulation time (^) 

coagulation in min. 

Observa 
tion 

1 

5 

6 
7 


- Plasma {z) Calculated for 


p.c. 

Venom {y} 

Observed 

0-000475, 

88 

1 in 640,000 

5 

5-5 

}» 

1 in 5,760,000 

28 

25-5 


1 in 51,840,000 

128 

119-0 

J? 

1 in 155,520,000 

246 

257-0 


and siio-wn in the curve to the right in Fig. 1. In this experiment the 
constant b has the value 0-000475, and the exponent q is taken at 0-7, the 
coagulation times calculated in the fifth column agreeing, it "will be seen, 
fairly closely with the observed periods. Experiments of this type aSord 
a valuable method of making comparative estimations of thrombin in 
venom dilutions. 
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Absolute estimations may also be made. These are based upon the 
relation observed between the amounts of fibrinogen and tbrombin taking 
part in the production of fibrin. If thrombin is added to citrated plasma 
it is usually found that the fluid expressed from the resulting clot at the 
end of several days, when the interaction between fibrinogen and throm¬ 
bin may be regarded as complete, contains thrombin if a relatively large 
amount of thrombin has been added, while, on the other hand, fibrinogen 
is present if only a relatively small amount of thrombin is used. This is 
shown by the addition of citrated plasma to the expressed fluid in the 
first case, and of venom in the second, when clotting occurs. If, however, 
fibrinogen and thrombin are mixed in suitable proportions, the expressed 
fluid is found to be free from either, that is to say, the further addition of 
plasma or thrombin no longer causes clotting. This is illustrated in 
Table V: in Obs. 1, 2 and 3 fibrinogen is absent from the expressed fluid, 


Table V. Determmation of the amount of thrombin 
required to convert fibrinogen into fibrin. 



Concentrations used for 
coagulation 

_A_ 

Approximate 

VSIk +.1A AT 

Content of fluid ex¬ 
pressed from clot 

Observa¬ 

tion 

r 

Plasma 

p.c. 

Venom 

i. CL V./X 

fibrinogen to 
thrombin 

( 

Pibrino- 

gen 

Thrombin 

1 

47 

1 in 21,500,000 

50,000 : 1 

_ 

+ 

2 

70 

1 in 41,000,000 

143,000 : 1 

- 

+ 

3 

80 

1 in 71,000,000 

284,000 : 1 

_ 

+ 

4 

80 

1 in 144,000,000 

576,000 : 1 

+ 

- 

5 

10 

1 in 144,000,000 

72,000 : 1 

- 


6 

86 

1 in 331,000,000 

143,000 : 1 


+ 

7 

10 

1 in 568,000,000 

284,000 : 1 


+ 

8 

10 

1 in 1,135,000,000 

576,000 : 1 

V 

_ 


while in Obs. 4 it is present, the converse being true of thrombin. If it is 
assumed that fibrinogen and thrombin are in corresponding amounts mid¬ 
way between Obs. 3 and 4, the relation between fibrinogen and thrombin 
would be in the neighbourhood of 384,000 :1, the plasma employed being 
assumed to contain 0*5 p.c. of fibrinogen and venom being regarded as 
pure thrombin. This proportionality, which does not seem to be altered 
by dilution—^in Obs. 5-8, in which the concentrations used are about 
one-eighth of those in Obs. 1-4, a similar relation is indicated—^renders 
possible the estimation of thrombin in terms of a unit, for it is obvious 
that if normal human plasma is taken as representing unit concentration 
of fi.brinogen, then the concentration of thrombin just sufficient to convert 
all the fibrinogen present in the plasma into fibrin must be taken to re¬ 
present unit concentration of thrombin. It is, however, preferable to 
indicate this concentration by the corresponding coagulation time rather 

28—2 
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than to attempt to express it in terms of thrombin. Experiments made to 
determine this period—that is to say, the coagulation time when throm¬ 
bin is added in amount just suflicient to convert all the fibrinogen present 
in undiluted normal human plasma into fibrin—were found to give a 
mean value of approximately 135 min., corresponding to a 1 in 77,500,000* 
concentration of the sample of venom used in Obs. 1-7, Tables I and IV. 

Using this value of t for unit concentration, the following illustration 
of the determination of titre of a solution of thrombin may be given. In 
Obs. 1, Table I, the observed value of t for 88 p.c. plasma is 5 min. The 
value of t for undiluted plasma is by equation 1, p. 423, 

p. /0-88V‘^ A n • 

=4-7 min. 

The concentration of thrombin employed in Table I is, therefore, by 

. /X3g\i*43 

equation 4, p. 426, ( pj) =121 times unit concentration. 

SUMMAEY. 

1. Methods of estimation of fibrinogen and thrombin, based upon the 
observed efiect of dilution, are described. 

2. As units the following are employed; 

(a) Unit concentration of fibrinogen: the concentration present in 
normal human plasma. 

(b) Unit concentration of thrombin: the concentration which is just 
sufficient to convert all the fibrinogen present in normal human plasma 
into fibrin. 
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THE VASO-DILATOR ACTION OF ADRENALINE, 
ByG. a. CLARK. 

(From the Dejpartment of Physiology, Sheffield University.) 

(Received November 10, 1933.) 

It is now generally recognized that very small doses of adrenaline given 
intravenously, especially in certain conditions of ansesthesia [Macdonald 
and Schlapp, 1926; Vincent and Curtis, 1927], can produce a fall in 
blood-pressure in the cat or in the dog. It has also been shown that these 
minute amounts of adrenaline cause vaso-dilatation which apparently 
has its site in the capillary field [Dale and Richards, 1918]. Earlier 
work by Cannon and Lyman [1913] indicated that this peripheral 
dilatation was not limited to any particular region or tissue of the body, 
for they were able to obtain a depressor effect with adrenaline after 
clipping carotid, subclavian and iliac arteries, and the fall in pressure was 
not much less than that seen when these arteries were open and the 
superior and inferior mesenteric, coeHac axis and renal arteries were 
clamped. Experiments by Gruber [1929], however, on unanaesthetized 
animals showed that small doses of adrenaline regularly caused dilatation 
in the vessels of voluntary muscle, judged by the increased venous out- 
flow, but that not in every case did the general blood-pressure fall; this 
the author interpreted as indicating that adrenaline dilated muscle 
vessels but, in those cases where the pressure remained constant, con¬ 
stricted vessels in other regions of the body. There is much evidence to 
show that the action of adrenaline varies both qualitatively and quanti¬ 
tatively in different parts of the body; thus, the coronary vessels are 
dilated [Hammouda and Kinosita, 1926], the vessels of voluntary 
muscle are also dilated [Hoskins, Gunning and Berry, 1916; Hart¬ 
man and McPhedran, 1917; Gruber, 1929; Clark, 1930] except where 
large doses are given [Erlanger and Gasser, 1919; Gunning, 1917; 
Gruber, 1929], while skin vessels appear to be uniformly constricted 
[Hoskins, Gunning and Berry, 1916; Clark, 1930]; the splanchnic 
vessels also respond by constriction, but, if the adrenaline given raises 
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tbe general Wood-pressure, constriction is changed to dilatation whicli 
is partly reflex and partly passive [Clark, 1930]. The vaso-dilatatioii 
caused by adrenaline in skeletal muscle is a purely peripheral effect, for it 
has been seen after cutting all nerves to a limb [Dale and Richards, 
1918] and also in the isolated perfused limb [Dale and Richards, 1927],, 
but there is no conclusive evidence to show whether or not adrenaline in 
small doses can exert on all minute vessels in the body a dilator action 
which is definitely peripheral. 

It seemed that a reiiivestigation of the problem was necessary to 
determine whether or not vessels in the skin and in the splanchnic area 
would respond as do those in skeletal muscle, and, if possible, to determine 
under what conditions dilatation or constriction predominates. 

Cats under chloralose ansesthesia were used and vascular changes were 
determined by recording the venous outflow from muscle, skin or in¬ 
testine, clotting being prevented by intravenous injection of'' Fovirudin,’' 
After falling on an electric drop recorder, the blood was collected in a 
beaker kept at 39® C. by means of a water jacket and was returned to the 
animal by a burette connected with one external jugular vein. In the 
case of muscle a cannula was inserted into the femoral vein and, to ensure 
that the flow came only from muscle, the leg was tightly ligated im¬ 
mediately above the ankle and all cutaneous veins tied; in some cases the 
leg was skinned and the skin replaced with the help of sutures so that all 
chance of anastomosis between skin and muscle was prevented. 

Blood flow from the skin was observed by recording the outflow from 
the superficial femoral vein; special care was taken to keep the vein in the 
vicinity of the cannula moist and covered by skin to prevent contraction. 

Intra-arterial injection of adrenaline was made by inserting the needle 
of a suitable syringe into the stump of the common origin of the internal 
iliac arteries, after tying off aU branches; the needle could be pushed up 
till the point was in the stream of the external iliac. Repeated injections 
were given by leaving the syringe in situ, taking precautions to prevent 
blood entering and pushing up the piston. 

In the case of the mesenteric vessels a loop of intestine was isolated 
from the rest of the gut and a cannula inserted into the vein draiamg the 
loop. Intra-arterial injections were given through the stump of a branch 
of the artery supplying the loop. It sometimes happened that the blood 
flow through the intestine was irregular due to contractions of the in¬ 
testinal wall, hut this could be prevented by intravenous injection of 
atropine which appeared in no way to interfere with the action of adrenal¬ 
ine to be described below. 
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Special care was taken to maintain the temperature of the cat at 
39-2° C. which is the mean normal found by Lee and Scott [ 1914]5 
because Rein [1930] is of the opinion that adrenaline dilates muscle 
vessels only when the body temperature is subnormal or when the muscle 
is active. A few experiments were made at temperatures above and below 
the normal. 

Vessels of voluntary muscle. The sequence of events following the 
intra-arterial injection of a minute dose of adrenaline is shown in Fig. L 



Fig. 1. Blood-pressure and venous outflow iSrom muscles of hind leg. Skin of leg separated 
from underlying tissues and held in place by stitches. Temp. 39*2"^ C. Time in 10 sec. 
At A, 0-05 c.c. adrenaline 1 x 10“^ into iflac artery. 

There is a slightly shorter latent period in the blood-pressure record than 
in that of the blood flow from the muscle, which is to he expected 
because of the time which must elapse before the increased flow reaches 
the^ cannula; following the latent period and during the slight fall in 
blood-pressure the venous flow is increased for a time and then decreased 
before it returns to its original rate. These changes are almost invariably 
seen after giving adrenaline as described; they appear to be iudependent 
of any temperature changes likely to be found under physiological con¬ 
ditions, for Fig. 2 was obtained from a cat whose rectal temperature had 
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been allowed to fall to 36*0^ C., i.e 3*2° C. below tbe mean normal 
temperaturCj while a similar response was seen at 41*3^ C. 

Adrenaline dilatation has also been seen in limbs denervated from 
5 min. to 2 hours before experiments where no sign of muscular activity 
was evident. These results, therefore, do not confirm those of R e i n [1930] 
already referred to. 

An efiect, similar to that shown in Fig. 1, has been obtained by 
injecting intra-arterially 0*1 c.c. of blood from the suprarenal vein of a 
second cat under chloralose anaesthesia during stimulation of the splanch- 



Eig. 2, Blood-pressure and muscle blood flow. At f 0*05 c.c. adrenaline 1 x 10”® 
into iBac artery. Temp. 36-0° 0. Time in J min. 


nic nerve; injection of the same amount of blood from the inferior vena 
cava before splanchnic stimulation gave no dilatation. 

By giving repeated doses of adrenaline at short intervals the con¬ 
strictor effect of one injection can he eliminated or cut short by a sub¬ 
sequent injection (Fig. 3). Where the time of injection is prolonged as in 
Fig. 4 B, it will be seen that no definite constriction occurs during the 
injection; in fact, the rate of flow is actually increased, and this cannot be 
attributed to the volume of fluid injected, as 0-1 c.c. is equivalent to less 
than two drops of the size here recorded. In Fig. 3 the same amount of 
adrenaline was given, not continuously as in Fig. 4 B, but with a pause 
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between tbe five fractions into wMcli tke dose was divided. Tlie dilator 
effects of tlie first two fractions are combined and tbe third appears to 



Pig. 3. Blood-pressure and muscle blood flow. At each white area 0-03 c.c. adrenaline 
1 X 10~® into iliac artery. Figures above the drop record indicate flow in c.c. per min. 


A 



I 4-S Os ' 3-7 


1-i-1-1-^- 1 -r 


B 

HOO 



4'5 6'S AS 4-2 

r~--? 

!-r i r—r—i- \ i i 5 ^ 


Fig. 4. Blood-pressure and muscle blood flow. A. 0-10 c.c. adrenaline 1 xl0~® at white 
area. B. 0*15 c.c. adrenaline 1 x lO"-® at enclosed area. Time in 10 sec. Figures above 
the drop record indicate flow in c.c. per min. 


have less effect than any of the others although it definitely cuts short 
the constrictor phase judged by the duration of this latter after the third, 
fourth and fifth fractions. The dilatation following the fourth fraction is 
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sligMly less tliaii that following the fifth, and these difierences may be 
related to the progressively longer inter^rals between the beginning of any 
two injections. 

The suggestion of Gannon and Lyman [1913] that the production of 
dilatation or constriction by adrenaline depends on whether the vessels 
are initially constricted or dilated is not borne out by experiments in 
which repeated small amounts of adrenaline are given so that the dilator 
phase is prolonged; the first two injections in Fig. 3 give an example of 
this. Nor is their point of view upheld by the fact that dilatation may be 
seen when the blood pressure is definitely below the “critical level’’ given 
by them (Fig. 5). 


'I' 


4 */ 3-Occ^ERrniN 



Fig. 5. Blood-pressure aad muscle blood flow. At f 0*0o c.c, adrenaline 
1 X10"® into iliac artery. 


Although the phenomena described above are those usually seen as a 
result of giving small doses of adrenaline into an artery, exceptions have 
been observed in which only a constriction and no dilator phase occurs 
with the smallest amount of adrenaline which gives a response. Other 
exceptions, still rarer, are those where only constriction is seen with a 
very small dose, hut a brief dilatation occurs in the response to a larger 
dose. These apparently anomalous cases require further investigation. 

Intestinal vessels. The effect of small intra-arterial injections of 
adrenaline on the blood flow through the intestinal vessels is shown in 
Fig. 6. The smallest dose which has any detectable effect always causes 
vaso-constriction, judged by the diminished venous outflow. It might be 
objected that the result here shown would be more likely to occur in gut, 




THE VASO-BILATOR ACTION OF ADRENALINE, 435 


the vessels of whicli had lost their tone due to the necessary operative 
manipulations, but in all experiments the intestine was handled as little 



Fig. 6. Blood-pressure and venous flow from loop of intestine. At A, 0-05 c.c. adrenaline 
1 X 10~®intra-arterially. AtB, 0*01 c.c. adrenaline 1 x 10“®intra-arterially. At 0,0*02 c.c. 
adrenaline 1 x 10“^ intra-arterially. Time in 10 sec. The figures above the drop record 
indicate flow in c.c. per min. 



Fig. 7. Blood-pressure and venous flow from loop of intestine. Between A and B, 0*6 mg. 
ergotoxine per kg. intravenously, A. 0*01 c.c. adrenaline 1 x 10"“® intra-arterially. 
B. 0*10 c.c. adrenaline 1 x 10“® intra-arterially. Time in 10 secs. The figures above the 
drop record indicate flow in c.c. per min. 

as possible and was always left in the abdominal cavity covered by 
omentum. The blood-pressuxe does not suggest any degree of shock and, 
moreover, the same response to adrenaline shown in Fig. 6 can be obtained 
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during tlie rise in blood-pressnre caused by an intravenous injection of 
posterior pituitary extract. It seems therefore that the minute vessels of 
the intestine respond to the direct action of adrenaline in a manner 
qualitatively difierent from that of the vessels in voluntary muscle. 

Dale [1913] has shown that stimulation of the splanchnic nerve 
after intravenous injection of ergotoxine will cause a fall in blood- 
pressure and interprets this as evidence of the presence of vaso-dilator 
fibres in this nerve. Fig. 7 shows that intra-arterial adrenaline will 
produce dilatation in the mesenteric vessels if ergotoxine has been 
previously given, and here again the initial pressure is below the critical 
level” of Cannon and Lyman [1913]. It is apparent that dilatation is 
still possible with a general blood-pressure below 60 mm. Hg in Fig. 7 B, 
and therefore its failure to appear in Fig. 7 A is not due to initial maximal 
dilatation. 



rig, 8. Blood-pressure and venous flow from s3dn of hind leg. A. 0-02 c.c. adrenaline 
1 X10"^ into iHac artery. B. 0*05 c.c. adrenaline 1 x lO”"’ into iliac artery. The figures 
above the drop record indicate flow in c.c. per min. 


Shin vessels. The minute vessels of the skin appear to respond directly 
to very small doses of adrenaline in the same way as do those of the 
intestine, but previous work in which plethysmographic methods were 
used indicates that the constriction in skin is more intense, in that it does 
not give way to dilatation when the blood-pressure rises [Clark, 1930]. 
In the case of skin, however, it is difficult, when recording changes of flow 
only, to determine to what extent these changes are due to alterations in 
calihre of the arterio-venous anastomoses described by Grant and 
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Bland [1931] and to what extent they are due to variations in capillary 
calibre. Taking into consideration previous investigations by direct 
observation [Hoskins, Gunning and Berry, 1916; Lewis, 1927] and 
by plethysmographic methods [Clark, 1930], however, the conclusion 
may be drawn that adrenaline in amounts which have any detectable 
action causes constriction of the minute skin vessels. Big. 8 shows the 
effect on venous outflow from the skin of the hind leg of the intra-arterial 
injection of adrenaline. In no case was an increased flow found. 

If sympathetic vaso-dilator fibres to the vessels of the skin exist, it 
should be possible to unmask them by injecting adrenaline after giving 
ergotoxine. In several experiments in which this was done there was no 
increased rate of flow through the skin vessels; the dose of ergotoxine 
given was 2-5 mg. per kg., and following this 0-05 c.c. of adrenaline 
diluted 1 in 1 million injected intra-arterially gave a transient fall in 
blood-pressure varjdng from 5 to 10 mm. Hg. The ergotoxine caused 
considerable slowing of the blood flow through the skin. 

Sympathin, Since the greater part of the experimental work described 
above was done, Cannon and Eosenblueth [1933] have produced 
direct evidence for the presence of a substance, Sjnnpathin E, 'which is 
released by stimulation at vaso-constrictor sympathetic nerve endings. 
Evidence is also given of a similar substance, Sympathin I, formed by 
dilator or inhibitor nerve endings. These findings amply explain the dual 
effect in the vessels of muscle of an intra-arterial injection of adrenaline 
which presumably releases both Sympathin E and Sympathin I; it seems^ 
however, that the dilator endings have a lower threshold to adrenaline 
than do the constrictor. 

Experiments were devised to determine the possibility of showing the 
presence of Sympathin I. Two cats were anaesthetized with chloralose and 
one of these (A) was prepared as pre'viously described to record the blood 
flow from a group of muscles in the hind leg. In the second cat (B) the 
suprarenal glands were tied off with a pedicle ligature and a portion of the 
portal vein laid bare; the blood-pressure was recorded in the usual way. 
Ergotoxine was then given (2-5 mg. per kg.), and when the blood-pressure 
had settled at its new level adrenaline was injected. Samples of blood 
were taken from the portal vein (a) before giving adrenaline, and (b) at 
various intervals after adrenaline; 0-1 c.c. of these samples was injected 
into the iliac artery of cat A. It was found that the samples (a) had no 
effect on muscle blood flow and the samples (6) taken within 10 min. of 
giving adrenaline were also usually -without effect, but samples taken 
between 10 and 15 min, gave a dilator response (Fig. 9); if, however, the 
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adrenaline had caused a rise in blood-pressure in cat B this dilator 
response was followed by constriction (Fig. 10). A simple calculation and 
the lack of response to earlier samples (6) showed that the amount of 
adrenaline given to cat B was not responsible for this effect, and the 
conclusion is that a dilator substance had been released from sympathetic 
inhibitor and dilator nerve endings in cat B. 



Fifr. 9. Fig. 10. 

Fig- 9. Blood-pressure and venous flow from muscle of Mndlimb. At A, 0*1 c.c. blood intra¬ 
arterially, from second cat given 04 c.c. adrenaline (1 x 10“^) intravenously after 
ergotoxine; blood drawn from portal vein 13 min. after adrenaline given. The figures 
above the drop record indicate flow in c.c. per min. 

Fig. 10. Similar to Fig. 9, but adrenaline in second cat had caused a rise in general blood- 
pressure despite ergotoxine. The figures above the drop record indicate flow in c.c. 
per min. 

Discussion. 

The double action of adrenaline, dilator and constrictor, has been 
discussed by Dale and Richards [1918] and is well shown as the result 
of a single injection in the volume record of a skinned limb in Fig. 16 D 
of their paper; the fact there shown that the volume of the^muscle alters 
in a manner similar to the venous outflow clearly indicates that the 
increased outflow is not due to constriction of vessels squeezing more 
blood out of the muscle but is a true expression of vaso-dilatation. Dale 
and Richards are of the opinion that both dilatation and constriction 
have their site in the capillaries, and this view is supported to some extent 
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by the result described above of giving repeated injections of adrenaline 
(Fig. 3); if in this case dilatation took place in the capillaries but constric¬ 
tion in the arterioles a second injection during the action of the first would 
merely intensify the double efiect, and further arteriolar constriction, in 
the absence of a rise in blood-pressure, would prevent any increase in 
venous outflow. Again, if we assume, contrary to the evidence of Dale 
and Eichards, that small doses of adrenaline dilate arterioles and 
constrict capillaries simultaneously, it is highly improbable that a second 
injection by increasing arteriolar dilatation (and presumably further 
constricting capillaries) would cut short the constrictor effect in the 
capillaries by mere passive dilatation in view of the pressures which 
Lewis [1927] has shown constricted capillaries can withstand. It is true 
that Lewis’s observations refer to the minute vessels in human skin and 
therefore may not be directly applicable to capillaries in muscle, but in the 
latter vessels adrenaline dilatation has been obtained when the arterial 
pressure was as low as 50 mm. Hg (Fig. 5), a pressure against which 
Lewis has shown that even dilated capillaries can constrict. The fact 
that vaso-dilatation due to adrenaline occurs at this lovr pressure does not 
support the view of Cannon and Lyman [1913] that the effect of 
adrenaline depends on the state of the vessels in any given case. 

It does not seem possible in the present state of knowledge to harmo¬ 
nize the observation that repeated small injections of adrenaline produce 
prolonged or repeated dilatation (Figs. 3 and 4 B) with that of Dale 
and Eichards [1918] and of Burn [1932] that a low concentration of 
adrenaline added to blood perfusing a limb will restore constrictor tone 
in the minute vessels. Some experiments as yet incomplete, however, 
suggest that an explanation of the apparent discrepancy may be found, 
but the problem must be left over for further investigation. 

The difference in reaction between intestinal vessels and the vessels 
in muscle cannot be due to the absence in the former of the means for 
active dilatation, for this latter reaction can be brought about by adrena¬ 
line after ergotoxine; there is evidence that sympathetic vaso-dilator 
fibres are relatively few in the splanchnic area [Cannon and Eosen- 
blueth, 1933], and it may be that their threshold to adrenaline is also 
relatively higher than in muscle. In the slrin it does not seem possible 
to show the presence of sympathetic dilator fibres by the techniq^ue 
adopted here; conditions are probably complicated by the presence of 
arterio-venous anastomoses [Grant and Bland, 1931], and it is impossible 
to tell by means of blood-flow methods whether changes in flow caused by 
adrenalme are due to variations in calibre of these anastomoses or of 
capillaries. It does appear, however, that adrenalme, in the smallest 
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amount whicli lias any effect, always causes a diminution in blood flow 
tkrongli tbe skin and that tliis response is not reversed by previous 
administration of ergotoxine. 

Summary and conclusions. 

The action of minute amounts of adrenaline given intra-arterially on 
tbe blood flow tbrongb skeletal muscle, intestine and skin in the cat has 
been investigated. 

Tbe response of muscle vessels to a single injection is of a twofold nature, 
first dilatation and then constriction, although cases are recorded in which 
only constriction was seen with the smallest dose of adrenaline that would 
give any response. This response to adrenaline in the vessels of skeletal 
muscle is not qualitatively altered by any change in body temperature 
likely to be found under physiological conditions. Evidence is given of the 
release of a dilator substance analogous to Cannon’s Sympathin I when 
only inhibitor or dilator sympathetic endings are stimulated by adrenaline, 
stimulation of constrictor endings being prevented by ergotoxine. 

The smallest effective amount of adrenaline always produces a 
diminished flow of blood through the intestine and skin. In the intestine, 
but not in the skin, this response is reversed by previous injection of 
ergotoxine. 

The expenses of this research were covered by a grant from the Medical Research Council, 
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^‘INHIBITION’’ IN MEDULLATED NERVE. 

By L. BUGNAED^ {Toulouse). 

{From the Department of Physiology and Biochemistry^ 
University College, London.) 

{Received October 27, 1933.) 

Feng and Hill [1933] have recently studied the heat production of 
frog’s nerve during the prolonged application of a stimulus of known 
frequency. They have shown that with a relatively low frequency 
(50-100 shocks/sec.)j after a certain time a constant rate of production of 
heat is arrived at; this can be maintained for a very long time but 
diminishes, rapidly at first and then gradually, when excitation ceases, 
finally returning to the level corresponding to rest. With a high frequency, 
however (500-1000 shocks/sec.), a steady production of heat cannot be 
obtained; the rate at which heat is produced increases rapidly at the 
beginning of excitation, reaches a maximum, then decreases in spite of the 
maintenance of the stimulus. If, during this state of apparent fatigue, a 
stimulus of high frequency is replaced by one of low frequency, an imme¬ 
diate increase is observed in the rate of production of heat: the nerve, 
which no longer responds to the excitation of high frequency, is neverthe¬ 
less capable of responding to an excitation of low frequency. This 
phenomenon, which was further discussed by Hill at the 1933 meeting 
of the American Association in Chicago [1934], is the subject of the 
present investigation. 

Technique. 

The apparatus used was similar to that described by Hill [1932] and 
by Feng and Hill [1933]. The thermostat, however, had been modified 
as follows. The wooden box, which forms its external cover, instead of 
being placed directly in the room, was enclosed in a second wooden box 
covered inside with zinc sheet. The air space, separating the two boxes, 
was maintained at a constant temperature by an electrical heating 
arrangement automatically regulated. The temperature of the air space 
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could easily be maintained constant within 0-1° C. This made un¬ 
necessary the maintenance of a constant temperature in the room as a 
whole, and increased considerably both the thermal stability and the ease 
of working. 

The deflection of the galvanometer was read dhectly on a graduated 
scale without photographic recording. The scale was placed 4-5 metres 
feoni the galvanometer and the spot could easily be read to the nearest 
millimetre. Readings were made every 15 sec. during the first few minutes 
following the application or removal of a stimulus, and every minute later 
on, when an approximately steady state had been reached. 

As stimuli, condenser discharges were employed at a frequency deter¬ 
mined by the speed of rotation of a commutator [Hill, 1932]. Since the 
frequency had to be varied abruptly, two commutators were used running 
at different speeds. The reversal of the key allowed an instant transfer 
from one frequency to the other. One of the commutators was used for 
low frequencies (50-100 shocks/sec,), the other for higher frequencies 
(usually 500-1000 shocks/sec.). The condenser discharges themselves 
were exactly the same whatever the frequency, since they depended only 
upon the capacity of the condenser, which was the same in every case, 
and the resistance through which it discharged, which was also the same. 

Frogs’ sciatics were used, from large Hungarian i?. esculenta, eight 
nerves in each experiment. 

In general, in order to avoid polarization at the stimulating electrodes, 
excitation was effected by alternating charge and discharge of the con¬ 
denser; thus excitation occurred alternately at one electrode and the 
other. In certain experiments, however, condenser discharges alone 
were employed, the stimuli being all in one direction, the cathode being 
at the electrode which was nearer to the thermopile; in certain other 
experiments there were two pairs of electrodes, each pair being used for 
one of the two frequencies. A suitable manipulation of the keys allowed 
an instant transfer from one mode of stimulation to the other (alternating 
or one-way”) and the use, at will, of one or other pair of electrodes. 
Actually three electrodes only were necessary. A, B and C, in that order 
pointing towards the thermopile. The distances were: A to B, 3 mm.; 
B to C, 12-15 mm.; C to thermopile, 18 mm. The distance from R to C 
was so great that stimulation at .4 or R could scarcely have affected the 
nerve at 0. For the lower frequencies A and R might be employed, R 
being the cathode: for the higher frequencies, R and 0, C being the cathode. 
0 was actually the block of silver ordinarily serving to prevent the passage 
of heat from the stimulating electrodes to the thermopile [see Hill, 1932, 
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p. 113, Eig. 3]. The usual electrodes A and B will be described as tbe 
^ ’ upper'' electrodes. 

The capacity of the condenser used for stimulating, the potential to 
which it was charged, and the resistance short-circuiting the nerve, were 
chosen according to the principles discussed by Hill [1932]. In view of 
the high frequency of excitation employed, it was necessary to ensure that 
the condenser discharges were complete in the short interval of contact on 
the commutator. Unless this precaution be taken the shocks making up 
the stimuli will not be independent of the frequency. The capacity re¬ 
quired can be determined by calculation, assuming for example that not 
more than 1 p.c. of the energy of the condenser should be undischarged at 
the moment when the discharge ia cut short. 

The following test was made. In the ordinary excitation circuit, namely, nerwe in 
series with 5000 ohms, short-circuited by 1000 ohms, the Isitter was replaced by a resistance 
wire (932 ohms) wound non-inductively on a thermopile. The system could be connected 
to one or other of the commutators. The deflection of a galvanometer connected to the 
thermopile on which the hot wire was wound allowed one to measure the energy of the 
current through the wire. With a known frequency of charge and discharge one could de¬ 
termine the maximum capacity which would allow discharge to be complete to any required 
degree in the time available between separate contacts. Provided that the contacts are 
clean and not too oily, and the brush in good order, the rules are obeyed. 

With a capacity of the readings obtained with the commutator and those with 

a constant current calculated to give the same energy were compared. Between 100 and 
1200/sec. the difference was never more than 4 p.c. At a frequency of 1950 the difference 
had risen to 12*5 p.c. In the experiments reported the stimuli were always as follows: 
capacity, OdOoftP, charged to 14-4 volts, 5000 ohms in series with nerve, nerve and re¬ 
sistance short-circuited through 1000 ohms: time of half discharge, 0-06cr; of 99 p.c. dis¬ 
charge, 0*4 a. These shocks were well super-maximal. In general the frequency was kept 
below 1200/sec. 

In order to keep permanent control during each experiment on the effectiveness of the 
stimulus, the following arrangement was finally adopted. The 1000 ohms shunt ordinarily 
used was replaced by a hot wire wound on a thermopile, the resistance of the hot wire being 
932 ohms. At any point during an experiment a reading of a microammeter connected 
to the thermopile on which the hot wire was wound, is a measure of the energy in 
the stimulus. During each experiment several readings were made on the microammeter; 
the readings were always consistent and provided evidence of the efficiency and constancy 
of the stimuli. 

Tbe experiments were all made at a temperature between 21-2 and 
22-7° C. 


Sensitivity. 

The apparatus was calibrated by observing the steady deflection 
produced by a series of regular condenser discbarges applied between tbe 
beating electrodes after tbe nerve bad been made inexcitable by prolonged 
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treatment with nitrogen. The sensitivity was practically constant, the 
following being the mean value: 1 mm. of steady deflection corresponded 
to 1*81 X 10”“® caL/sec., or to 12*9 x 10“® CB>h/g,/sec, 

Heat leak. 

By reason of the high frequency of the stimuli used, it was feared that 
the heat might leak from the stimulating electrodes along the nerve into 
the thermopile in spite of the usual precaution of a block of silver placed 
between the two. In a certain number of experiments, therefore, the 
effect of the various stimuli employed between their usual electrodes was 
tested on nerves previously killed by long residence in nitrogen. In no 
case could one detect any important leakage of heat. The maximum 
effect observed corresponded to 8 p.c. of the heat found in the same experi¬ 
ment with the nerves stimulated alive, and even then only with a very 
high frequency, namely 2000/sec. In most cases the heat leak was quite 
negligible. 


Kesults. 

In the first experiments the upper electrodes only (A and B) were used 
with stimuli alternating in direction in order to avoid polarization. Each 
individual shock, whether the frequency was low or high, had the same 
energy and time relations of discharge and was chosen to be approximately 
optimal for a nerve at rest. 

The phenomenon observed is as foUows. When, by means of an exci¬ 
tation of long duration and of relatively low frequency (50-100/sec.), a 
steady state of heat production by the nerve has been established, if the 
frequency is raised abruptly (e.^. to about 1000/sec.) an abrupt diminu¬ 
tion is observed in the production of heat, the galvanometer moving 
rather rapidly in the negative direction. The initial heat production is 
diminished, or nearly abolished, though of course the recovery heat pro¬ 
duction from previous stimulation remains and follows its normal course. 
The nerve appears at first to be ''fatigued.” If, however, to the nerve 
apparently fatigued one substitutes in place of the excitation of high 
frequency the previous excitation of low frequency, one observes at once 
a production of heat at the previous higher rate and a retmn to the steady 
state characteristic of the original low-frequency excitation. The nerve, 
which seemed to be " fatigued ” when tested by a high-frequency stimulus, 
is not fatigued at all when tested by a low-frequency stimulus. The same 
series of phenomena can be repeated many times. Some experiments have 
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lasted for more than 3 hours, during which a steady state of heat produc¬ 
tion has been maintained under excitation of low frequency, interrupted 
by abrupt falls in the rate of heat production following the application of 
a stimulus of high frequency (Fig. 1), 

It is important, however, to note that the high-frequency stimulus 
produces a maximal thermal response when applied to a resting nerve. 
With a stimulus of given short duration to a resting nerve, the heat 
increases with frequency up to very high values of the latter, as is shown 
by the usual heat-frequency relation described by A. V. Hill and his 
collaborators in several previous communications. 



Minutes 

Fig. 1. Heat production of frog’s nerve at about 22° C. during continuous excitation at 
various frequencies for 125 min. Experiment of May 15,1933. Rate of heat production 
downwards as galvanometer deflection without analysis. Alternating or one-way 
stimuli as shown. The broken line interpolated between the beginning and the end of 
the experiment is a base line corresponding to the rate of heat production of the resting 
nerve. The dotted line corresponds to the steady and nearly constant rate of heat 
production during continuous stimulation at 100/sec. For further description see 
text. 


The facts have been verified in fifteen experiments. One may begin 
by exciting the nerve during a state of rest by a high-freqnency stimulus 
(for example, May 8,10 and 26 respectively, 1284/sec., 920/sec., 920/sec.). 
There is an immediate and large positive deflection of the galvanometer 
corresponding to an intense production of heat by the nerve. At the end 
of 2 min,, in place of the high-frequency stimulus effective on the resting 
nerve, a low-frequency stimulus is applied; the nerve continues to pro¬ 
duce heat, though at first at a lower rate, and in the appropriate time 
reaches a steady state. The substitution now of the high-frequency for 
the low-frequency stimulus immediately breaks down the steady state 







446 


i. BUGNARD. 


and causes not an increase but an abrupt decrease in tbe rate of produc¬ 
tion of beat. A return to the low-frequency stimulus in place of the Mgb 
causes a gradual re-establisbinent of tie previous steady condition, 

Tbe sudden diminution in the rate of beat production caused by 
substituting a Mgb for a low frequency does not represent a complete 


Alternating Stimulus: 
100/sec. 



Pig. 2, Experimeiit of May 17,1933. Comparison of the effect obtained during a steady state 
of beat production by a nerve stimulated continuously at a low frequency, 100/sec., 
(a) by stopping the stimulus altogether (broken line) and (6) by changing the stimulus 
to one of high frequency, 900/sec. Bate of heat production downwards as galvanometer 
deflection without analysis. Kote that the high-frequency stimulus does not produce 
complete cessation of response. 


cessation of response, at least in all tbe fibres. If, during the condition of 
diminished rate of beat production caused by applying a bigb-frequency 
stimulus as described, one stops tbe stimulus altogether, one immediately 
observes a rather more rapid fall in tbe rate of production of beat, as shown 
by an acceleration in tbe movement of tbe galvanometer towards its 
resting position. In one experiment (May 17) deflections in tbe negative 
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direction were compared during a steady state of stimulation at lOO/sec.: 
(a) wlien excitation was stopped altogether, and (6) when a low-frequency 
stimulus was replaced by one at 900 shocks/sec., the interval in either 
case being 3 min. For complete cessation the deflection was 74 mm., for 
high-frequency excitation it was 67 mm. {Fig. 2). A little later in the 
same experiment, again for 3 min., cessation of excitation gave a negative 
deflection of 71 mm., a stimulus of 612 shocks/sec., a negative deflection 
of 55 mm. Similarly, the rise in the heat production on returning to the 
stimulus of low frequency is greater after an interruption in the stimulus 
than after an excitation at high frequency. The latter, therefore, does not 
cause a complete cessation of response, except perhaps at very high 
frequencies. 

One naturally asks whether the fact that the shocks alternated in 
direction might not explain their inadequacy at high frequency. To test 
this possibility, in spite of the danger of polarization, in a certain number 
of experiments stimuli were employed consisting of shocks in one direction 
only, the electrode nearer the thermopile being made the cathode. The 
effect was compared with that of alternating shocks of the same frequency. 
First of all it was verified that with excitations of low frequency (50- 
167/sec.) it is a matter of indifference whether alternating or one-way 
stimuli are used. The steady state of heat production is not modified at 
all, or at most to an insignificant extent, when alternating shocks at 
lOO/sec. are replaced by one-way shocks at the same frequency. In order, 
therefore, to avoid polarization alternating shocks were used at the low 
frequency as conditioning stimuli to obtain the steady state. 

In one experiment (May 11) there were applied successively, during a 
steady state with an alternating stimulus at 100/sec., and replacing that 
stimulus, (a) an alternatmg stimulus of 807/sec., (6) a one-way stimulus at 
884/sec., and (c) an alternatmg stimulus at 807/sec. The alternatmg 
stimulus gave at first in both cases a slight extra production of heat 
followed by a very rapid diminution. The one-way stimulus gave imme¬ 
diately a rapid diminution. In all three cases a return to excitation at 
lOO/sec. gave an immediate positive deflection and a return to the steady 
state. 

In another experiment (May 15) an alternating stimulus of 813/sec. 
and a one-way stimulus of 886/sec., when substituted for a steady stimulus 
of 100/sec., were immediately followed by a large negative deflection more 
rapid in the case of the one-way stimulus. A return to the stimulus at 
lOO/sec. brought an immediate positive deflection and a return to the 
steady state. The same result was obtained in another experiment 
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(May 17). It seems therefore that high-freqneiicy shocks in one direction 
produce the same phenomenon as alternating shocks of the same fre- 
qnencjj and that it is not the alternation in direction of the latter that is 
the cause of their inadequacy. Indeed, the diminution of heat is slightly 
greater when the shocks are in one direction only. This may be due to an 
effect of polarization adding on to the effect of the high frequency, but it 
is at least possible that with alternating shocks at electrodes A and B, 
when the frequency is high, the impulses set up at A are imable to pass 
electrode B and so to reach the thermopile. Thus, alternating shocks at 
1000/sec. at A and B may effectively be no more than one-way shocks at 
500/sec. at B, If so, the high-frequency effect would be more obvious 
with one-way shocks at 1000/sec. at B, 

In one experiment (May 26) the following result was observed. 
During the state of diminished heat production caused by substituting 
a one-way stimulus of 1000/sec. for an alternating stimulus of 100/sec. 
during a steady state caused by the latter, an alternating stimulus of 
1090/sec. was applied. The immediate effect was a very slight positive 
deflection followed by a negative deflection similar to that preceding it. 
It seems, therefore, that one-way stimuli are at least as effective in 
producing the type of ‘^inhibition” referred to as alternating stimuli. 

Another possible explanation of the phenomenon was a local modifica¬ 
tion of the nerve set up at, or between, the electrodes by the low-frequency 
stimulus. This local experimental modification of the condition of the 
nerve might affect it in its response to the high-frequency stimulus between 
the same electrodes. To test this possibility, in a certain number of ex¬ 
periments two pairs of electrodes were utilized as described above, A and 
BoiB and G, First of all it was verified that the two pairs of electrodes 
were identical for the establishment of a steady state of heat production 
with an excitation of low frequency. In one experiment (May 18), during 
a steady state of activity set up by an alternating stimulus at the upper 
electrodes A and B (frequencies 100/sec.), the nerve was excited at the 
lower electrodes B and G at frequencies of 611/sec. and 912/sec. In both 
cases an abrupt negative deflection was produced followed by a positive 
deflection and a return to the steady state when the low-frequency 
stimulus at the upper electrodes A and B was substituted for the high- 
frequency stimulus at B and G. In the same experiment a stimulus of 
912/sec. at the upper electrodes A and B, substituted for 100/sec. at the 
same electrodes, produced the same phenomenon, the negative deflection 
being more rapid than when B and G were employed. Some local effect, 
therefore, may occur, but it is not the cause of the phenomenon. 
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In the experiment of May 22,_ during a steady state with a stimulus of 
48/sec. at the upper electrodes A and B, successive stimuli were applied 
as follows, all at 605/sec.: (1) at A and B, (2) at B and C, (3) at A and B. 
Ill all three cases, owing to the rather lower frequency, a very short 
positive deflection was observed followed by a large negative deflection. 
The same results were obtained in the experiments of May 24 and May 26. 
The phenomenon, therefore, cannot b^ explained by a local modiflcation 
of the nerve at or between the electrodes of the conditioning stimulus. 
The distance from B to C was 12-15 mm., so it is very unlikely that shocks 
of low frequency at B could directly affect the nerve at C sufficiently to 
block it to subsequent high-frequency stimulation. The effect found in 
high-frequency stimulation at C must have been conditioned by low- 
frequency impulses previously reaching G from above, and not by the 
direct effect of the shocks. 

If, during a steady state of heat production, due to prolonged excita¬ 
tion at low frequency, more rapid stimuli of various frequencies are 
applied, a graduated effect is obtained in the modification of the heat 
production. In one experiment (May 8), during a steady state produced 
by a stimulus of 112/sec., a stimulus of 705/sec. replacing it, caused a 
positive deflection followed by a large negative deflection. A stimulus of 
1008/sec. produced a slight positive deflection followed by a negative 
deflection more rapid than the preceding. A stimulus of 1570/sec. pro¬ 
duced a negative deflection immediate and abrupt. In another experi¬ 
ment (May 15) analogous results were obtaiued at frequencies of 305/sec., 
605/sec., 813/sec. The same was found in eight experiments iu which, not 
only the frequency was varied, but also the electrodes and the mode (one¬ 
way or alternating) of excitation. All the effects iatermediate between a 
production of heat and its almost complete suppression can be obtamed 
when a prolonged excitation at low frequency is changed to an excitation 
of high frequency. In every case the return to the excitation of low 
frequency causes a re-establishment of the previous state. 

The duration of the preceding excitation of low frequency also has an 
influence on the thermal response of the nerve to a stimulus of high 
frequency. In one experiment (May 22) after 30 min. stimulation at 
48/sec., the steady state of heat production not having been quite reached, 
an excitation of 605/sec. was apphed. A small positive deflection was 
observed which lasted for 3 min. and was succeeded by a negative deflec¬ 
tion. A return to the 48/sec. then caused a restoration of the previous 
state of steady heat production. After a total of 80 min. of low-frequency 
excitation the stimulus of 605/sec. was again applied, this time with an 
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immediate fail iii the production of heat. In another experiment (May 23) 
a stimulus of 906:'sec. maintained for 2 min., after 12 min. of stimulation 


i 



Fig. 3. Influence of tlie duration of th.e conditioiimg low-frequency stimulus (100/sec.) on 
tiie heat production of nerve when the frequency is suddenly raised to OOfl/sec. Ex¬ 
periment of May 24,1933, The lower curve shows the application of the high-frequency 
stimulus to a nerve previously stimulated for 12 min. only at 100/sec., the steady 
state of heat production corresponding to this low frequency not yet having been 
attained. An immediate extra production of heat occurs, followed after 30 sec. by a 
diminution. The heat production rises again on returning to the lower frequency. The 
upper curve corresponds to the high frequency applied to the same nerve previously 
stimulated for 31 min. at the lower frequency, the steady state of heat production corre¬ 
sponding to the low frequency having already been reached. The dimmution in heat 
production is immediate but the curve riaes again when the frequency is again lowered. 
The low and the high-frequency stimuh were applied at two different pairs of electrodes, 
as described in the text, the conditioning low-frequency shocks being at electrodes 
more distant from the region of the nerve in which the heat production was measured. 
Heat production downwards as galvanometer deflection without analysis. 

at lOS/sec. wMcli had not yet led to the establishment of a steady state, 
produced an immediate negative deflection of 60 mm. After a total of 
30 min., of stimulation at lOB/sec,, a steady state of heat production being 
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now established, the same high-frequency excitation now gave an imme¬ 
diate negative deflection of 82 mm. Analogous results were obtained in 
the experiments of May 24 and 26 (Fig. 3). The production of heat by the 






Fig. 4. Effect of an excitation of high frequency (906/sec.) on the heat production of nerve 
rested for various intervals after a previous prolonged stimulation leading to a steady 
state at low frequency. A, conditioning frequency i03/sec.; B, conditioning frequency 
48/see. Intervals of rest: A, J, 1, 2 and 3 min.; B, I, 1 and 2 min. Note that in B the 
response to the high-frequency stimulus is greater after a conditioning stimulus of low 
frequency than after one of a rather higher frequency. Heat production downwards as 
galvanometer deflection without analysis. Experiment of May 23,1933. For discussion 
see text. 

nerve, therefore, is more rapidly and intensely diminished as the result of 
an excitation of high frequency, when the duration of the low-frequency 
excitation which it replaces has been greater. 

The fr 0 quency of the initial slow stimulus plays a similar part in the 
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response to a Mgt-frequency stimulus following it. In tlie experiment of 
May 23 an excitation of 906/sec., lasting for 2 min., followed first an exci¬ 
tation of 100/sec. lasting for 12 min., tlien an excitation of 48/sec. lasting 
for 12 min. In tie first case the negative deflection was 60 mm., in the 
second case it was 40 mm. Similar results were obtained in the experiment 
of May 22. For equal durations of prolonged excitation at low frequency 
the negative response to the same excitation of high frequency replacing 
it is greater the greater the frequency of the slow preceding stimulus. 

In a last series of experiments the response was studied to an excita¬ 
tion of high frequency at various intervals after the suppression of a 
stimulus of low frequency. For example, in the experiment of May 23, 
after a stimulus of 103/sec. which had lasted for 45 min. and led to a 
steady state of heat production, the stimulus was suppressed altogether 
for 30 sec. A very rapid negative deflection was observed. A stimulus of 
906/sec. was then applied and the negative deflection continued but less 
rapidly. The low-frequency stimulus was reapplied and the steady state 
was re-established. Excitation was suppressed for a minute with an 
immediate negative deflection. The high-frequency stimulus of 906/sec. 
was then applied again for 2 min.: the negative deflection stopped and 
then continued at a diminished speed. Later, following a steady state at 
low frequency, the nerve was rested for 2 min. and then an excitation of 
906/sec. produced at first a small positive deflection and then a negative 
one. A rest of 3 min, caused an accentuation of the same phenomenon 
(Fig. 4). It seems, therefore, that the modification produced in the nerve, 
in respect of which it fads more or less to respond to a stimulus of high 
frequency, lasts for a certain time after the suppression of the prolonged 
stimulus of low frequency which caused it. The complete return of the 
power of the nerve to respond to a high-frequency stimulus probably does 
not occur before the nerve has completely recovered from its preceding 
steady excitation. 

Discussiox. 

The experiments reported show that prolonged excitation of a nerve 
by shocks of low frequency renders it incapable, to a greater or less 
degree, of responding to a stimulus of high frequency. This is not a 
question, however, in any ordinary sense of ^Matigue.’’ The nerve, which 
is no longer excitable by, or gives only a small response to, a stimulus of 
high frequency, responds to a stimulus of low frequency by a production 
of heat which is constant and may be continued for a very long time, or 
almost indefinitely. It seems rather that the nerve during the course of 
prolonged excitation at low frequency is put into a state in which it is 
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''inhibited” or partly inhibited, by a stimulus of high frequency. The 
state in which inhibition, instead of excitation, occurs when a rapid 
stimulus is applied, is reached only gradually, after a time of stimulation 
at low frequency of the order of 10, 20 or 30 min. The duration required 
depends upon the frequency of the slow excitation employed. The inhi¬ 
bitory effect is shown in all degrees as one increases progressively the 
frequency of the conditioning stimulus, its duration, and the frequency of 
the rapid stimulus tested. 

Experiments of Hill [1932] and of Feng and Hill [1933] have shown 
that there is no simple relation between the frequency of excitation and 
the heat produced by the impulses set up. Another variable is involved, 
namely, the duration of the stimulus employed, and it now seems that 
the state of the nerve as affected by previous stimulation also must be 
taken into account. The heat per impulse is a function, not only of the 
frequency of excitation, but of the duration of previous stimulation and 
of the previous history and the state of recovery of the nerve. 

One naturally asks whether the effect observed may not be due to a 
modification in the duration of the refractory period. Forbes and his 
collaborators [1923], Gasser and Erlanger [1925], and numerous other 
authors, have shown that if impulses follow one another in a nerve, at 
intervals short enough to make it necessary for them to travel in fibres 
incompletely recovered, the velocity of propagation and the size of the 
action current are modified: the refractory period is increased, the speed 
of propagation reduced, the size of the electric changes diminished. Such 
experiments have been concerned with the propagation of two impulses 
only, or of a series of impulses far shorter than we have considered in the 
present experiments. 

The lengthening, however, of the refractory period, after a long interval 
of excitation at low frequency, is not sufficient alone to explain the "in¬ 
hibition” to stimuli of high frequency. "While admitting that a greater 
proportion of the shocks in the high-frequency stimulus would fall, in 
consequence of the lengthening of the absolute refractory period, within 
an interval of inexcitability of the nerve, it is difficult to understand why 
the response to an excitation of high frequency should not be (as it is in a 
nerve at rest) at least as great as to the Excitation of low frequency. It 
seems, as Hill [1934] remarks, and as Verworn [1914] supposed for a 
series of shocks leading to Wedensky inhibition, that a stimulus B 
falling in the absolute refractory period of an impulse A must extend the 
refractory period, ix. must render the nerve inexcitable by a following 
stimulus G, although C following A alone would have produced a response. 



454 


L. BVGNARD. 


Frolilicli also (referred to by Lucas [1911]) supposed that ''recovery’^ 
may be Hndered by stimuli falling witbin the absolute refractory period: 
though Lucas himself could find no trace of such a relation with three 

O 

stimuli applied to a previously resting nerve. The state in which the relation 
seems actually to occur is acquired by a nerve during slow steady stimula¬ 
tion at a rate to which it can respond indefinitely, and which does not there¬ 
fore in any ordinary sense fatigue it. In a resting nerve, with a stimulus 
of short duration, the higher the frequency the greater the response. 

This inhibition^’ recalls in certain respects the phenomenon de¬ 
scribed under the name of Wedensky inhibition. When a muscle-nerve 
preparation has been modified by fatigue, or by a narcotic, stimuli of high 
frequency to the nerve no longer produce muscular response. The ex¬ 
planation generally given of this phenomenon involves the modification 
of the state of the neuro-muscular junction, Wedensky [see Lucas, 
1911, p. 84] showed, moreover, that similar inhibition may occur in nerve 
alone, with local impairment of conduction. Tsai [1931] also has shown 
that a narcotized portion of nerve will allow impulses derived from a 
muscular sense organ to pass at a limited frequency but will arrest im¬ 
pulses of a higher frequency. In the present case the conditionmg cause 
can scarcely be a local block since previous slow excitation at a point 
12-15 mm. above the point tested renders the nerve liable to inhibition ” 
on high-frequency stimulation. H. and P, Davis [1932] have shown that 
the tension exerted by a muscle is a maximum for stimuli of low frequency 
and is diminished when the frequency is raised. These phenomena are 
probably all of the same nature. 

It seems then, that when a nerve is subjected to prolonged steady 
non-fatiguing stimulation of moderate frequency, a condition is graduaUy 
set up in which a stimulus of high frequency produces a state of inhibition. 
During, and for some time after, this state of steady and constant 
excitation (which is presumably at least as representative of the normal 
physiological state as one of complete rest) the process of '^recovery” 
from the refractory condition following a shock is different from that 
observed in the case of an isolated impulse, or during stimulation of short 
duration of whatever frequency applied to an otherwise resting fibre. 

Summary. 

When a nerve is subjected to prolonged stimulation of low frequency 
(up to 100 shocks/sec.) it finally reaches a steady state in which the rate of 
heat production is constant. In this state, although in no ordinary sense 
fatigued, it is largely incapable of responding to an excitation of high 
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frequenc 7 of the order of 1000 shocks/sec. It remains, kowever, capable of 
responding by tke same steady beat production on returning to tlie 
stimulus of low frequency. If, during a state of rest, the nerve is subjected 
to the same high-frequency excitation, it now gives an immediate maximal 
response. The phenomenon seems to be of the same nature asWedensky 
inhibition, but it occurs in the nerve trunk. 

The effect is not due to any local modification of the nerve at the 
exciting electrodes. It appears at a considerable distance from the point 
at which the conditioning stimulus of low frequency is applied, as is 
shown by the fact that the same failure to respond to a high frequency 
may occur at a distant electrode. The effect is the same whether the 
stimuli alternate in direction or are all “one-way.’’ 

All degrees can be observed between complete inhibition and a steady 
production of heat when the frequency of the secondary stimulus (the 
rapid one) is varied. 

The fall in the response on the application of the higher frequency is 
greater and more rapid the higher the frequency of the basic conditioning 
stimulus and the longer the time of its application. When the low-fre¬ 
quency conditioning stimulus is stopped and an interval of recovery 
allowed, the response to the high-frequency stimulus is greater the greater 
the interval of intervening rest. 

It is difiS-Cult to give an explanation of the phenomenon on the basis 
of what is known about the passage of a single impulse, or of a few isolated 
impulses, in an otherwise resting nerve. As the result of prolonged steady 
activity, not so intense, however, as to lead to fatigue, the processes of 
“recovery” from the refractory state following a shock are modified, so 
that a continuously refractory condition may be set up by shocks 
succeeding one another at sufficiently short intervals. 

My warmest thanks are due to Prof. A. V. Hill for suggesting the subject of this work 
and for providing the material and the coimsel necessary for its realization. My thanks are 
due also to Mr J. L. Parkinson for Ms help and advice. 


APPENDIX. 

ByA. V. HILL. 

The state of “inhibition ” described in the preceding paper is not pro¬ 
pagated away from the stimulating electrodes, as is shown by the follow¬ 
ing experiment, A thermopile was prepared with four electrodes, A, B, 0 
and B, the distances being as follows: AB=2-2 mm., BC=16 mm., 
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CD = 3-4 mm., D to nearer end of thermopile == 18 mm. A high frequency 
stimulus (1000/sec.) initially producing a maximal response was applied 
at A and B until the response was largely reduced; without stopping the 
stimulus at A and B a low frequency stimulus (100/sec.) was then applied 
at C and D and a good response was obtained. 

Another experiment was made as follows. A short (16 sec.) high-fre¬ 
quency stimulus at A and B initially caused a much greater response than 
a similar low-frequency stimulus at 0 and D. When the latter had been 
continued for some time, the former applied for 16 sec. during the con¬ 
tinuance of the latter always gave a slight positive effect, showing (a) that 
there was not complete failure at A and B, and (b) that nothing hke 
'"inhibition” was being propagated from AB to CD. If, however, the low 
frequency at CD was turned off while the high frequency at AB was 
turned on, there was a negative response, showing that the high frequency 
was now producing a smaller effect than the low frequency, therefore a 
much smaller effect than it did initially. 

It seems, therefore, that the ""inhibition” referred to by Bugnard is 
connected with the process of excitation, each element of the high-fre¬ 
quency stimulus causing, or maintaining, a higher threshold or a pro¬ 
longed refractory period. The condition in which this ""inhibition” may 
be observed on high-frequency stimulation can be produced by a steady 
stream of impulses propagated from a distant point. The ""inhibition” 
itself, however, is local. One cannot ""inhibit” low-frequency impulses 
starting at CD by high-frequency stimulation at AB; though one can 
block (at CD) low-frequency impulses starting from AB by high-frequency 
stimulation at CD. 
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THE ANAEROBIC BREAKDOWN OF CARBOHYDRATE 

IN THE ISOLATED VENTRICLE OF THE FROG, 

By R. GADBIEi and C. P. STEWART^. 

{From the Departments of Medical Chemistry and Pharmacology^ 
University of Edinburgh.) 

{Received December 29, 1933.) 

It has been shown by Clark, Gaddie and Stewart [1931] that the 
isolated heart of the frog beating in air or oxygen derives at least part of 
its energy from non-carbohydrate sources. There is definite evidence of 
the usage of nitrogenous material, but not of the usage of fat, even though 
the R.Q. may be very low. Under anaerobic conditions, however, the 
frog’s heart resembles striped muscle in depending ultimately upon 
carbohydrate as the source of energy though the breakdown of phospho- 
creatine is probably the primary source [Clark, Eggleton and Eggle- 
ton, 1932]. Clark, Gaddie and Stewart [1932] have also shown that 
the continued power of the heart to contract in the absence of oxygen 
depends upon two factors: the presence of carbohydrate which may be 
broken down to lactic acid, and the supply of a sufiSciently alkaline 
perfusion fluid to neutralize and remove the lactic acid formed. Thus a 
neutral perfusion fluid prevents the contraction from continuing for longer 
than a few minutes, since the lactic acid quickly accumulates in the heart. 
On the other hand, a fluid buffered to pK 8 with NaHCOs or ISFagHPO^ 
allows the heart to contract, even without added glucose, for some hours 
at the expense of its own carbohydrate stores; for in this case the lactic 
acid is neutralized and removed by the perfusion fluid. 

When the heart, perfused by alkaline Ringer fluid, has been exhausted 
anaerobically, it can be completely revived by the addition of glucose, an 
observation made by Freund and Konig [1927] and confirmed by 
Clark, Gaddie and Stewart [1932]. It is evident that the same restora¬ 
tive effect should be exerted by any substance which can replace glucose 

^ Beit Memorial Besearch Fellow. 

^ In receipt of a part-time grant from the Medical Besearoli Council. 

PH, LXXX. 


30 



458 


R. GADDIE AND G. P. STEWART. 


as an anaerobic source of energy, and by any substance wbicb is an inter¬ 
mediate in tbe breakdown of carbohydrate to lactic acid, provided that 
its conversion to lactic acid liberates a sufficient amount of energy to 
allow of contraction. The frog’s heart, exhausted by continued anaerobic 
contraction with an alkaline perfusion fluid, is thus an exceedingly 
convenient preparation for the study of carbohydrate metabolism in 
muscle. It is also, of course, suitable for investigating the action of various 
muscle poisons, of which iodoacetic acid is, at present, the most important. 

Like skeletal muscle, cardiac muscle is prevented from contracting 
anaerobically by iodoacetic acid, which, however, does not abolish 
aerobic contraction [Clark, Eggleton and Eggleton, 1932]. 

The possibilities for cardiac muscle may therefore be summarized as 
follows: 

A. Unexhausted heart contracting in oxygen, and oxidizing its own 
stores of carbohydrate and protein. 

B. Exhausted heart contracting in oxygen, depleted of its stores of 
carbohydrate and available protein, benefited by addition of glucose and 
amino acids. 

C. Unexhausted heart contracting in nitrogen, converting carbo¬ 
hydrate to lactic acid which must he removed from the cells by an 
alkaline perfusion fluid. 

D. Exhausted heart contracting in nitrogen, depleted of carbo¬ 
hydrate, benefited only by sugar or intermediates in carbohydrate 
breakdown to lactic acid. 

E. Unexhausted heart contracting in oxygen and poisoned by iodo¬ 
acetic acid, probably using only amino acids. 

F. Unexhausted heart contracting in nitrogen, poisoned by iodoacetic 
acid, probably dependent solely on phosphagen breakdown. 

G. Exhausted heart contracting in oxygen, poisoned by iodoacetic 
acid, depleted of available nitrogenous material, probably benefited by 
amino acids and by lactic acid but not by carbohydrate. 

The experiments described in this paper are concerned with conditions 
D and F; conditions E and G are being studied at present, and will form 
the subject of a further communication. 

Methods. 

Eana esc. (Hung.) was used. The perfusion of the isolated ventricle 
was carried out with a cannula in the auriculo-ventricular opening, and 
arranged so that isometric records could be taken when desired. The 
ventricle was stimulated electrically at any desired rate (see Appendix). 
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Tlie apparatus was of similar type to that illustrated by Clark [19275 
Fig. 1]. Air and nitrogen from a fine jet could be bubbled through, the 
perfusion fluid, and the current of gas served to stir the fluid. The nitrogen 
was rendered oxygen-free by passing it over heated copper, and re¬ 
contamination was guarded against by closing the cannula with a rubber 
stopper fitted with a tube for the escape of the gas. 

The Ringer fluid used had the following percentage composition: 
NaCl 0-65, KCl 0*015, CaCl^ 0*012, N‘aHC 03 0*05. When gas w^as bubbled 
through this fluid the pH rose to about 8*5. Glucose and other substances 
in solution were introduced into the perfusion fluid through a hole in the 
rubber stopper, closed by a glass rod when not being used. 

The sugars and glutathione used in our experiments were b.d.h. 
reagents. Methyl glyoxal was made by the method of Hoffmann and 



Big. 1. Typical recovery of an exhausted ventricle on addition of 
glucose. (Anaerobic.) 


Neub er g [19S0], dihydroxyacetone and glyceric aldehyde by the method 
ofHersant and Linn ell [1931], lodoacetic and bromoacetic acids were 
synthesized from chloroacetic acid and precipitated from hot benzene 
solution by addition of petrol ether. The remaining iodo compounds were 
synthesized by Miss D. Mowat who kindly supplied us with samples. 

Results anv discussion. 

(a) The effect of glucose. Fig. 1 is a typical record of the gradual 
exhaustion of the ventricle perfused by alkaline Ringer in an atmosphere 
of nitrogen and of the recovery on addition of glucose. For about an hour 
the heart contracts in nitrogen as strongly as in oxygen, but thereafter the 
contractions gradually lose strength until they finally disappear. The time 
required for this total exhaustion varies from as little as 2 to as much as 
6 hours, according to the amount of glycogen available, the rate of 
stimulation, and the frequency with which the perfusion fluid is changed. 

30-2 
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The importance of the first two of these factors is obvious. With regard to 
the thirdj it seems that the perfusion fluid washes out a part of some 
substance necessary for proper contraction, so that changing the perfusion 
fluid two or three times definitely hastens the exhaustion. More frequent 
changing, however, has no further eflect. The nature of this substance will 
be considered further in section (c). 

The recovery on addition of glucose is rapid, but is more so when, as in 
Fig. 1, the ventricle has not been allowed to become completely exhausted. 
Evidently, if the heart has completely stopped the diffusion of the sugar 
tlirongh the narrow cannula is relatively slow. When recovery is complete, 
i.e, in about 10 min. after addition of glucose, changing the perfusion fluid 
leads to a rapid re-exhaustion of the ventricle which can then be recovered 
again by glucose. This process of alternate exhanstion and recovery can be 
repeated many times on the same ventricle. Advantage was taken of this 
in controlling the experiments described later in this paper, for a trial of 
any substance was always sandwiched between two successful glucose 
recoveries. 

(6) Other carbohydrates. Although it is known that the intact animal 
is capable of utilizing a variety of carbohydrates, it is not certain whether 
some, or all, of the tissues are able to use them directly, or whether they 
must first be converted to glycogen in the liver. It would seem a priori 
that glucose, fructose and mannose might all be used directly by muscle, 
since they possess a common enol form. However, Maclean and 
Smedley [1912] found that the hearts of the dog and rabbit, in presence 
of oxygen, utilized glucose and mannose fairly rapidly, and galactose to 
a slight extent, but maltose, fructose and xylose, not at all. The negative 
result with fructose was also obtained by Steinberg [1927] using rabbit’s 
heart muscle, and by Ashford [1933] with brain. Working with embryonic 
tissues under anaerobic conditions, Dickens and G-reville [1932] found 
that some were able to convert only glucose to lactic acid, while others were 
able to convert fructose as well. 

In the isolated frog’s ventricle the results with fructose were com¬ 
pletely negative, whereas mannose restored the power of contraction as 
rapidly and completely as did glucose itself (Fig. 2). The other carbo¬ 
hydrates tested all gave negative results— pentoses: arabinose, ribose, 
xylose; hexoses: galactose; disaccharides: maltose, lactose, sucrose; 
polysaccharides: glycogen, starch. 

Although Freund and Konig reported recovery after addition of 
exhausted heart, we have never succeeded in obtaining 
any trace of recovery. The size of the glycogen molecule makes its diffusion 
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into the cell somewhat milikely, and of course such a difiusion is an 
essential preliminary to recovery. We have foimd, however, that minute 
traces of glucose are capable of bringing about some degree of recovery, 
and it is just possible that Freund and Konig used a specimen of 
glycogen sHghtly contaminated with glucose. 



Fig. 2. Tlie action of mannose on an exhausted ventricle (in absence of oxygen) compared 
with the action of glucose on the same ventricle. 

(c) Non-carbohydrate substances. Since amino acids are capable of 
acting as sources of energy under aerobic conditions [Clark, G-addie and 
Stewart, 1931], and in view of tbe statement by Freund and Konig 
that glycine and alanine restored tbe activity of tbe exhausted anaerobic 
heart, these substances were tested in the isolated ventricle exhausted in 
nitrogen. The results, however, were completely negative. Glycine and 
alanine were also found to be without effect on the strength of the 



Mg. 3. PaHure of alanine and glycine to cause recovery of the exhausted ventricle in 
nitrogen. Glucose restores power of contraction. 

contraction of the unexhausted heart whether working in air or nitrogen 
(Kg. 3). 

Clark, Gaddie and Stewart [1931] found that the addition of soaps 
to the perfusion fluid caused a rise in oxygen consumption by the isolated 
frog’s heart without any change in the b.q. The effect of soaps on the 
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exliaiisted heart was somewliat similar. Fig. 4 shows that the addition 
of 0*1 p.c. sodium oieate to the exhausted heart produced a temporary 
recovery. Sodium linoleate produced a similar recovery. It is to he notedj 
however, that this recovery with soaps could be made once only by each 
heart, and could not be repeated many times as in the case of recoveries 
with glucose. Evidently the fatty acid, unlike glucose, is not acting as a 
source of energy. This result agrees with Clark’s [1913] hypothesis 
that soap restores some constituent of the cell which is removed by 
perfusion. 

(d) Possible intewiediates in the brealcdown of carbohydrate. The con¬ 
version of carbohydrate to lactic acid most probably involves the splitting 
of the hesose molecule into two triose molecules. As a preliminary stage, 
it seems that the hexose is first esterified with phosphoric acid, and there 



Fig. 4. Slight recover^^ on addition of sodium oieate to the fluid perfusing 
the ventricle partly exhausted in nitrogen. 


is evidence that the triose molecules are also produced in the form of 
phosphoric esters. In this connection of course the substances to be 
considered are glyceric aldehyde and dihydroxyacetone. 

Trial of these two trioses on the exhausted ventricle, however, gave 
very disappointing results. Dihydroxyacetone was without effect; 
glyceric aldehyde did appear to increase the force of contraction, but the 
response to stimulation became very irregular and ceased altogether 
within a few minutes. Larger concentrations of glyceric aldehyde were 
definitely toxic, at once preventing the ventricle from responding to 
stimulation. The heart recovered, however, if the glyceric aldehyde was 
washed out and replaced by glucose. Glucose gave no recovery unless the 
glyceric aldehyde was first removed (Fig. 5). 

It may be objected that the true intermediates in carbohydrate 
breakdown are the phosphoric esters of these trioses and not the trioses 
themselves. It is arguable, however, that if the heart muscle is able to 
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use glucose directly, i.e, to esterify it, it should be able to do the same with 
the trioses. This is uot necessarily the case, since the esterified state of the 
trioses may be due merely to their production from a hexose diphosphate. 
It must be admitted, in fact, that further work is necessary on this point. 
Our results so far as they go, however, suggest that while minute amounts 
of glyceric aldehyde maybe utilized by the heart muscle, larger concentra¬ 
tions are definitely toxic. 

There remains the possibility that the trioses prepared synthetically 
exist in inactive forms very different from these produced and utilized in 
the enzymatic breakdown of hexose. This point need not be stressed, for 
the possibilities of keto-enol changes in these compounds are well known, 
but it is obvious that in face of these objections our negative results cannot 



Fig. 5. The action of glyceric aldehyde on the exhausted ventricle in nitrogen, increase in 
the force of contraction, but irregularity in the response to stimulation. 


be taken as eliminating these two compounds from consideration as 
intermediates in lactic acid formation. 

Whatever triose or trioses may be produced from hexose, their further 
breakdown most probably furnishes either methyl glyoxal or pyruvic 
acid. The former could of course be produced from either dihydroxyace- 
tone or glyceric aldehyde by intra-molecular change, the simultaneous 
oxidation of one carbon atom and reduction of another within the same 
molecule, the net result being the elimination of water. Pyruvic acid 
formation involves more than this, the addition of an extra atom of 
oxygen. Consequently, since the reaction, if it takes place at all, does so 
anaerobically, a second molecule of some kind must be reduced. In other 
words, there is the probability of the simultaneous formation of glycerol 
(or glycerophosphoric acid). 

Methyl glyoxal and sodium pyruvate were tested on the exhausted 
ventricle; the former produced a rapid and sustained recovery, the latter 





464 


R, GADDIE AND C, P. STEWART. 


was without effect (Fig. 6). It may 
be noted incidentally that the re¬ 
covery in presence of methyl glyoxal 
was less complete than that produced 
by glucose, and that, after a partial 
recovery was produced by the ad¬ 
dition of methyl glyoxai, a further 
recovery was produced by glucose. 

This result lends support to the 
view that methyl glyoxal is an inter¬ 
mediate in the formation of lactic 
acid from carbohydrate. It must be 
borne in mind, however, that gly- 
oxalase may conceivably not form a 
part of the enzyme system concerned 
in carbohydrate utilization. In their 
essentials, the experimental results 
merely indicate that the energy libe¬ 
rated in the conversion of methyl 
glyoxal to lactic acid is adequate for 
contraction and that the muscle can 
use it for that purpose. We know that 
aerobically the muscle is capable of 
utilizing energy from a variety of 
sources. It may well be that the same 
is true under anaerobic conditions, 
hut that ordinarily the breakdown of 
sugar is the only one available, and 
that the supply of methyl glyoxal al¬ 
lows an utterly abnormal mechanism 
to function. We may say therefore 
that the possibility of the utilization 
of methyl glyoxal is proved hut that 
the inclusion of methyl glyoxal as an 
intermediate in carbohydrate break¬ 
down remains improved. Further 
consideration of this matter is best 
deferred until a later section of the 


paper. 



Fig. 0. The effect of methyl glyoxal on the exhausted ventricle in nitrogen, partial recovery, increased somewhat by glutathione, 

and converted to full recovery by glucose. 
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The conversion of methyl glyoxal to lactic acid involves the addition 
of a molecule of water, the reduction of the keto group and the oxidation 
of the aldehyde group. Thus no other substance (except water) is involved. 
Pjrruvic acid on the other hand is reduced to lactic acid so that under 
anaerobic conditions some other molecule must be oxidized. In the 
formation of pyruvic acid glycerol is probably produced, and since there is 
no evidence of its accumulation in the muscle, it must be supposed to be 
the hydrogen donator in the reduction of pyruvic acid. Consequently the 
fact that pyruvic acid alone is unable to restore the activity of the ex- 




Fig. 7. Partial recovery of the ventricle exhausted in nitrogen by means of equimolecular 
mixture of sodium pyruvate and sodium glycerophosphate. The upper tracing shows 
the most complete recovery obtained, the lower shows the usual response, hfote that 
sodium glycerophosphate alone is without ejSect. Sodium pyruvate alone (not shown) 
is equally ineffective. 

hausted ventricle must be regarded as inconclusive in eliminating pyruvic 
acid as an intermediate in lactic acid formation. We therefore tested an 
equimolecular mixture of sodium pyruvate and sodium glycerophosphate. 
As Pig. 7 shows a partial recovery was produced, the effect never being 
as great as that of methyl glyoxal and sometimes little more than bare 
maintenance of weak contractions. Here then we have definite evidence 
in favour of the chain of reactions which involve the production of 
pyruvic acid and glycerol—^the chain postulated by Embden and by 
Meyerhof for the breakdown of carbohydrate in skeletal muscle extracts 
and in yeast fermentation. 
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In order to gain fuither evidence as to tlie power of tlie heart muscle to 
form phosphoric esters other than those of hexose, we further tested 
ecjuimolecular mixtures of sodium pyruvate and glycerol, which gave no 
restoration of the power to contract. 

A number of other substances which have been suggested as possible 
intermediates in lactic acid formation were tested, but with uniformly 
negative results: succinic acid, hydroxybutyric acid, aceto-acetic acid, 
fumaric acid, maleic acid, acetic acid, acetaldehyde, ethyl alcohol and 
ethylene glycol. 

It is especially noteworthy in the experiments with glycerophosphoric 
acid and pyruvic acid (as with methyl glyoxal) that after recovery had 
proceeded to its maximum, a still further increase in the strength of 
contraction was produced by the addition of glucose. If it be accepted 
that glycerophosphoric acid and pyruvic acid together form one stage in 
lactic acid production it is justifiable to conclude further that with the 
utterly abnormal amounts present the enzymes concerned in the reaction 
must have been completely saturated. Moreover, their presence in such 
concentration would probably suffice to prevent their further production 
from added sugar. It follows then that if glucose is to produce an addi¬ 
tional effect, it must do so by being broken down in some other way than 
that involving the production of these two substances. The alternative 
though (in our opinion) less probable explanation is that the energy 
liberation in the reaction: glycerophosphoric acid-f pyruvic acid=lactic 
acid -h triose phosphate, accounts for a fairly small part of the total energy 
of the change glucose -^lactic acid; and that glucose in spite of the high 
concentration of glycerophosphoric and pyruvic acids is still converted to 
these two substances with liberation of more available energy. 

A similar argument, of course, applies to the experiments with methyl 
glyoxal, so that both series suggest the existence of two routes for the 
conversion of carbohydrate to lactic acid. 

(e) The action ofiodoacetie acid and related compounds. Under aerobic 
conditions low concentrations of sodium iodoacetate {i.e. cone, of about 
1 : 20,000 in the perfusing fluid) have little or no effect for several hours, 
but when oxygen is excluded, the heart ceases to contract after about 
7 min. (Mg. 8). Re-admission of oxygen to the paralysed heart (together 
with massage if contraction has entirely ceased) causes a complete revival, 
and this process of alternate stoppage by iodoacetic acid in absence of 
oxygen, and revival by oxygen can be repeated many times. The concen¬ 
tration of sodium iodoacetate necessary to stop the heart in absence of 
oxygen is about 0*005 p.c. or 0*25 millimol. Lower concentrations than 
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this are either without action or diminish the power of anaerobic con¬ 
traction gradually without completely abolishing it (except perhaps after 
so long that the stoppage may be due as much to lack of carbohydrate as 
to the poisonous effect of the iodoacetic acid). Concentrations higher 
than 0-005 p.c. do not increase the rapidity of the action, but high 
concentrations are rapidly toxic even in the presence of oxygen. 

Sodium monobromoacetate acts as rapidly as sodium iodoacetate and 
in equal concentrations; sodium monochloroacetate, however, is without 
eSect, even in concentrations of 2-5 millimol. This finding is of importance 
in view of {a) the observation of Dudley [1931] that iodoacetic acid in¬ 
hibits glyoxalase, (6) the results of Lohmann [1932] indicating that 



Fig. 8. The action of iodoacetic acid on the fresh ventricle under anaerobic conditions. In 
this case the heart was allowed to stop completely before oxygen was admitted, and it 
was necessary to re-start contraction mechanically. 


iodoacetic acid inactivated tlie co-enzyme of glyoxalase and of Jowett 
and Qnastel [1933] indicating that this co-enzyme is glutathione; (c) the 
finding by Dickens [1933 a] that in vitro iodoacetic acid reacts with 
glutathione, liberating hydriodic acid. 

Since it has been found [Dickens, 1933 6] that glutathione reacts, in 
slightly alkaline solution, with all three mono-halogen derivatives of 
acetic acid, liberating the halide acid, the results on the frog’s ventricle 
suggest that iodo- and bromoacetic acids have some further action in 
addition to their inactivation of co-glyozalase. Monochloroacetic acid 
reacts with gluthathione at only about 1/10 the velocity with which mono- 
bromoacetic acid reacts. Nevertheless, it is able, in blood, to cause an 
appreciable slowing of the rate of disappearance of glucose, in a concentra¬ 
tion about three times as great as the efiective concentration of bromo- 
and iodoacetic acids [Mowat and Stewart, 1934]. 
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Mono-iodo propionic acids, both a and jS isomers, are without action 
on the frog’s ventricle even in high concentrations. lodoethyl alcohol, 
CHgl.CHgOH, is also unable to prevent contraction under anaerobic 
conditions. These facts are peculiar since all three substances have been 
found to have an appreciable effect in inhibiting the conversion of glucose 
to lactic acid in blood [Mowat and Stewart, 1934]. 

(/) The effect of glutathione on the ventricle poisoned by iodoacetic add. 
Since methyl glyosal was found to restore activity to the ventricle 
exhausted in absence of oxygen, and since strong evidence had been 
produced by Lohmann, Jowett and Quastel, Dickens, etc., that 
iodoacetic acid reacted with and destroyed glutathione, thereby pre¬ 
venting the conversion of methyl glyoxal to lactic acid, we attempted to 



Fig. 9. Ventricle in nitrogen. Addition of iodoacetic acid to flnid already containing 
glutathione reduced the contraction only very slowly, so slowly that the effect was due 
largely to exhaustion of carbohydrate stores. Addition of glucose at this stage further 
reduced the force of contraction. Kemoval of glucose by washing and addition of more 
glutathione brought about slow recovery. 


restore activity to the ventricle paralysed by iodoacetic acid, by addition 
of an excess of reduced glutathione to the perfusion fluid. 

In our JBrst experiment glutathione (neutralized) was added to the 
perfusion fluid of a heart contracting anaerobically to make a 1*25 milli- 
moL solution. There was no effect on the strength of contraction. Sodium 
iodoacetate was then added in the usual concentration (0*25 millimolar) 
and at the end of 15 min. the heart was still contracting with almost 
undimmished strength. A second addition of iodoacetate equal to the 
first was still insufficient to cause paralysis (Fig. 9). 

This experiment, however, was really unsatisfactory, since the of 
the fluid was that at which glutathione and iodoacetic acid rapidly 
interact in vitro, so that the glutathione in the perfusion fluid was probably 
acting merely by preventing the iodoacetate from ever reaching the 
muscle cells, A second experiment was therefore made. Sodium iodo- 
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acetate was added in tlie usual amount, and, wlien tlie ventricle liad 
almost ceased to contract, the perfusion fluid was removed and replaced by 
fresh Ringer’s solution containing glutathione. The ventricle at once 
began to contract, and the strength of contraction gradually increased to 
about half the normal, at which it remained for over an hour, when the 
experiment was stopped. The observation was of course repeated several 
times, audit was shown that mere changing of the perfusion fluid without 
supplying glutathione was quite unable to restore activity to the ventricle. 
In fact repeated change of the perfusion fluid, the heart being meanwhile 
kept contracting in oxygen, was quite incapable of removing the effect of 
iodoacetic acid, and exclusion of oxygen at any time resulted in the rapid 
cessation of contraction (Fig. 10). 

In this second type of experiment the glutathione is evidently re¬ 
versing the effect of the iodoacetic acid by some action within the muscle 
itself. This action may and probably does consist in restoring the muscle 
glutathione previously destroyed by the iodoacetic acid. The recovery 
after addition of glutathione is never complete, however, and this fact, 
taken in conjunction with others recorded in the preceding pages, suggests 
that iodoacetic acid has other effects than that of inactivating co- 
glyoxalase and that these other effects are irreversible by any means yet 
discovered. 

Cysteine, it may be noted, is capable of preventing the action of 
iodoacetic acid subsequently added to the perfusion fluid, but is quite 
unable to revive the ventricle already poisoned by iodoacetic acid. 

It is remarkable that if glucose be added to the perfusion fluid of a 
heart poisoned by iodoacetic acid and revived by glutathione, the heart 
rapidly ceases to contract, (The simultaneous presence of glutathione and 
glucose has no effect on the unpoisoned heart.) The poisonous effect of 
glucose under these conditions is removed by merely changing the 
perfusion fluid, i,e, removing the glucose (Fig. 10). 

As an explanation of this phenomenon it may be suggested that one 
(at least) of the intermediates in the conversion of glucose to lactic acid is 
toxic except in minute concentrations (cf. the experiments with glyceric 
aldehyde), and that iodoacetic acid affects the mechanism of lactic acid 
formation from this intermediate. Recovery by glutathione may be 
supposed sufficient to allow the removal of the toxic substance as quickly 
as it is formed from the normal sugar reserves of the heart. Addition of 
what is in effect an enormous amount of readily available sugar then 
causes the accumulation of the toxic substance at a rate much greater 
than that at which it can be removed. It may be recalled here, however, 




slow exhaustion (of carbohydrate stores), restored by glucose. 
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tliat glucose was incapable of restoring activity to tbe exhausted heart in 
the presence of glyceric aldehyde. 

(g) The action of arsenic. Voegtlin and his collaborators [ 1923 , 
1931 ] have adduced evidence in favour of their hypothesis that trivalent 
arsenic combines with reduced glutathione and that the latter has there¬ 
fore a protective action against arsenic in, e._^.,rats, rabbits, trypanosomes, 
etc. 

If the two substances do combine, it follows that small quantities of 
arsenic should exert an effect on muscle similar to that of iodoacetic acid. 
It should, in fact, prevent the anaerobic contraction of muscle if the 
contraction depends upon the activity of glyoxalase, provided it is not 
added in amounts too great to be dealt with by the glutathione present. 
Excessive amounts of arsenic, of course, would in all probability act as a 
general enzyme poison. Under the conditions we are imagining: 

(1) the muscle should be capable of contracting ’when supplied with 
oxygen but not in absence of oxygen (showing that the enzymes concerned 
in non-carbohydrate oxidation or aerobic carbohydrate breakdown are 
intact); 

(2) the power of anaerobic contraction should be restored by reduced 
glutathione. 

We find (Fig. 11) that sodium arsenite, at a concentration of 1/50,000 
in the perfusion fluid, gradually abolishes the power of contraction in the 
isolated ventricle stimulated under anaerobic contraction. The action is 
much slower than that of iodoacetic acid, but is much more rapid than 
that of mere exhaustion of the carbohydrate reserves. Admission of 
oxygen restores the power of contraction to the ventricle poisoned in this 
way, and the power is again lost if the oxygen is excluded, 

"ftTien anaerobic conditions are maintained, the poisoned ventricle is 
not revived by washing with normal Einger nor by the addition of 
glucose. (In much higher concentrations arsenic prevents the heart from 
contracting even in oxygen— i.e. it acts as a general enzyme poison. Under 
these conditions, its effect on aerobic contraction can be removed by 
repeated washing.) It is, however, revived by glutathione (best after 
change of perfusion fluid to remove excess of arsenic) and the power 
of contraction is then retained until the carbohydrate stores are ex¬ 
hausted in the normal way, when glucose brings about a further recovery 
(Kg. 11). 

The heart poisoned by this low concentration of arsenic and restored 
by glutathione appears to be quite normal. Changing the perfusion fl’uid 
several times, so as to remove circulating glutathione, does not decrease 
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tte strength, of contraction, so that the glutathione supplied must have 
penetrated the tissue and "become fixed in the same way as the normal 
glutathione of the muscle. 

It is evident that under the experimental conditions the main action 
of arsenic consists in its interaction with glutathione. It is not a general 
enzyme poison, and since glucose produces its normal efiect after recovery 
of the poisoned heart by glutathione and exhaustion of carbohydrate 
stores, there is no sign of an efiect on any other factor concerned in glucose 
breakdovm, i.e. no accumulation of toxic intermediates. Since glutathione 
is known to be the co-enzyme of glyoxalase, it follows that methyl 
glyoxal is an intermediate in the formation of lactic acid from glucose in 
cardiac muscle. 

It seems probable indeed that in cardiac muscle this is the main route 
available for the anaerobic breakdown of glucose, since the production of 
lactic acid via triose phosphates and pyruvic acid is stated [Meyerhof, 
193S] to be independent of glutathione. It is possible that the pyruvic 
acid route is primarily that taken by glycogen, since in the experiments 
recorded here the glycogen reserve was already depleted at the time 
recovery with glutathione took place, as evidenced by (a) the partial 
nature of the recovery, and (6) the relatively short time before addition of 
glucose became necessary. 

Moreover, since the production of methyl glyoxal is probably not 
interfered with, it follows that either a very low concentration of methyl 
glyoxal stops further breakdown of carbohydrate, or the energy liberated 
in the conversion of glucose to methyl glyoxal is very small. 

(h) Discussion of results. It seems highly probable that there are at 
least two mechanisms for the breakdown of carbohydrate to lactic acid 
in living tissues. On the one hand there is a considerable body of evidence 
in favour of the supposition that methyl glyoxal is formed as an inter¬ 
mediate stage, and on the other hand much experimental work indicates 
that pyruvic acid occupies a similar position. 

Methyl glyoxal is of course rapidly converted to lactic acid by a great 
many tissues since the enzyme concerned—glyoxalase—^is very common. 
This, however, is not to be regarded as strong evidence in favour of the 
production of methyl glyoxal from sugar. Much more important in this 
respect are the demonstration that methyl glyoxal can he utilized in place 
of sugar by the exhausted heart, the recovery in presence of glutathione 
of the heart poisoned By iodoacetic acid or hy arsenic, and the isolation of 
methyl glyoxal from muscle pulp under various conditions. Thus Case 
and Cook [1931] detected small amounts of the substance in muscle pulp 
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under both aerobic and anaerobic conditions ;Toeniessen and Fischer 
[1926], Arayama [1928], Sym [1931], Inoue [1931], Barrenscheen et 
al. [1931, 1933], and others have all demonstrated the power of muscle 
pulp to produce methyl glyoxal (often in good yield) from hexose di¬ 
phosphate. In the presence of muscle pulp, pancreatic extract, and iodo- 
acetic acid, Barrenscheen, Braun and Dreguss found that glycogen 
also gave rise to methyl glyoxal. 

Pyruvic acid has also been detected in muscle pulp under the same 
conditions as methyl glyoxal \e.g. Case and Cook, 1931]; Meyerhof 
[1933] has shown that muscle contains enzymes capable of producing 
lactic acid from a mixture of pyruvic acid and glycerophosphoric acid, 
and that pyruvic acid is produced during the breakdown of sugar in muscle 
extract; and we have found that these two substances are together 
capable of restoring some power of contraction to the frog’s ventricle 
exhausted anaerobically. 

It seems to be established therefore that both of these substances are 
formed during the production of lactic acid from carbohydrate. It follows 
^ither that the one must be converted into the other or that there are two 
ways in which lactic acid may be formed from carbohydrate. 

The chain of reactions, methyl glyoxal -^pyruvic acid -^lactic acid, is 
conceivable, although Jowett and Quastel [1933] have adduced evi¬ 
dence to support the supposition of direct addition of water to an addition 
compound of methyl glyoxal and glutathione. Case considers that methyl 
glyoxal is converted to pyruvic acid and that this is the source of pyruvic 
acid in muscle glycolysis. His evidence for this, however, is of a purely 
negative character, in that he has failed to detect any other source of the 
observed pyruvic acid. N’evertheless, he failed to obtain pyruvic acid 
from added methyl glyoxal and was driven to postulate an active form 
of the latter in spite of the fact that synthetic methyl glyoxal readily 
gives rise to lactic acid. 

It is worth mentioning, too, that Neuberg and Kobel [1930] 
described the production of pyruvic acid from hexose diphosphate by 
yeast as occurring later than that of methyl glyoxal. It is obvious, there¬ 
fore, that the possibility of methyl glyoxal and pyruvic acid lying on the 
same line of breakdown must be considered, though it can be definitely 
accepted only after more positive evidence has accumulated. On this 
view,however,it becomes difficult to explain Meyerhof’s statement that 
dialysed muscle, in presence of added adenosinetriphosphoric acid and 
magnesium, produces lactic acid from carbohydrate— i.e, under conditions 
in which glyoxalase cannot act. 

31 
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The second possibility—^that there are two separate enzyme systems 
each converting carbohydrate to lactic acid in its own way—^is supported 
by much evidence and explains many phenomena which would otherwise 
be obscure. It is to be noted that the two systems would not necessarily' 
act on the same carbohydrate and that they might well occur in varying 
proportions in different tissues. 

Moreover, they might assume different relative degrees of importance 
in the same tissue at different times or under different conditions. 

Recently Meyerhof [1933] has advanced strong evidence in favour of 
the view that carbohydrate is converted via hexose diphosphate to triose 
phosphates, thence to pyru\dc and glycerophosphoric acids, and so to 
lactic acid. In so doing he refuses to admit the possibility of methyl 
glyoxal having any share in the reaction, basing his objection chiefly on 
the following facts: 

(a) Grlutathione is essential for the conversion of methyl glyoxal to 
lactic acid. 

{&) Lactic acid is produced from glucose even by dialysed muscle 
extracts, after the addition of adenosine—^triphosphoric acid and 
magnesium. 

He ignores, however, the considerable body of positive evidence in 
favour of methyl glyoxal, and completely overlooks the possibility of a 
double mechanism. Yet the view suggested in the present paper is directly 
supported, inter alia, by the work of Ashford on brain tissue [1933]. 
Ashford found that glycogen, hexose diphosphate, hexose monophos¬ 
phate, glucose and mannose are all converted to lactic acid by brain 
tissue, as also are methyl glyoxal (more rapidly than glucose) and pyruvic 
acid (less rapidly than methyl glyoxal). If, however, any one of the 
group: glycogen, hexose diphosphate and hexose monophosphate, was 
incubated with brain tissue along with glucose or mannose, the lactic acid 
produced was the sum of the amounts obtained from the two substances 
separately (when lactic acid formation was proceeding at the maximal 
rate). Ashford draws the obvious deduction that there must exist two 
enzyme systems, one dealing with glucose or mannose, the other with 
glycogen or hexose phosphate. 

The evidence from our own work in support of this view may be 
summarized as follows: 

(1) Recovery of the exhausted heart by methyl glyoxal or by pyruvic 
acid (-f glycerophosphoric acid) is incomplete. 

(2) After maximal recovery by these substances, glucose brings about 
a further recovery. 
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Tlie recovery of the ventricle on addition of the substances suspected 
of being lactic acid precursors is evidence that they can be utilized. The 
fact that the recovery is only partial might be considered to indicate that 
the heart was in an abnormal or damaged condition, were it not for the 
further observation that after their removal, glucose invariably brought 
about a complete recovery. The quantities of the intermediates added to 
the perfusion fluid were obviously greatly in excess of any amounts which 
might be formed normally during the breakdown of carbohydrate, and it 
is reasonable to suppose that they were sufficient to saturate the enzymes 
concerned. Consequently the additional recovery given by glucose added 
in presence of intermediates is strong evidence of the existence of alter¬ 
native routes. 

It might be objected that the extra recovery due to glucose is attri¬ 
butable to energy liberated by the breakdown of glucose to methyl glyoxal 
or pyruvic acid as the case may be. Unfortunately, the published values 
for the heat of combustion of methyl glyoxal differ too widely for calcula¬ 
tion of the energy released during the earlier stages to be of any value. 
On the whole, the indications are that this energy must be very small. In 
the case of pyruvic acid, the position is complicated by the fact that some 
other compound must be simultaneously oxidized, and again, one can do 
no more than speculate on the magnitude of the energy changes involved. 

(3) Monochloroacetic acid, a- and j8-iodopropionic acids, andiodoethyl 
alcohol are without action on the isolated frog’s ventricle contracting 
anaerobically. They are, however, capable of inhibiting glycolysis in 
blood [Mowat and Stewart, 1934]. This observation of course indicates 
a difference between the relative importance of the two hypothetical 
systems in cardiac muscle and in blood. 

(4) Even in large excess, glutathione is unable to restore full power of 
contraction to the ventricle poisoned by iodoacetic acid. Yet it com¬ 
pletely abolishes the power of iodoacetic acid to inhibit glycolysis in 
blood [Mowat and Stewart, 1934]. 

(5) Glutathione when added to the fluid perfusing a frog’s ventricle 
which had been poisoned in the absence of oxygen with the minimum 
amount of trivalent arsenic, completely restored the power of anaerobic 
contraction. It is important to notice, however, that the amount of 
arsenic added was too small to produce a general enzyme poisoning as was 
shown by the power of the poisoned ventricle to contract normally in 
oxygen. In other words the arsenic, like iodoacetic acid, had specifically 
inhibited the enzymes responsible for the breakdown of carbohydrate to 
lactic acid. 
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Even the tvro-route hypothesis is insufficient to explain the fact that 
the ventricle which has heen poisoned and recovered by glutathione 
behaves differently towards glucose according to whether the poison used 
was iodoacetic acid or trivalent arsenic. The toxic action of glucose upon 
a ventricle poisoned by iodoacetic acid (and recovered by glutathione) 
can be explained by postulating the formation of a toxic intermediate, 
hio such toxic intermediate is formed, however, in the case of arsenic. 
Since, however, arsenic stops all lactic acid formation (the ventricle, so 
poisoned, is not recovered by glucose alone), it follows that arsenic has 
a double action. It inhibits glyoxalase by combining with glutathione 
just as does iodoacetic acid; it differs from iodoacetic acid, however, in 
inhibiting the primary stages of carbohydrate breakdown at an earlier 
point. The toxic intermediate, on the basis of Meyerhof’s explanation of 
the action of iodoacetic acid and our own findings with respect to di- 
hydroxyacetone and glyceric aldehyde, may possibly be phosphoglyceric 
acid, which we have not yet had the opportunity of testing on the frog’s 
ventricle. 

It is not suggested that the evidence presented in this paper is suf¬ 
ficient to prove the existence of a double line for the breakdown of carbo¬ 
hydrate to lactic acid. It is, however, suggested that this hypothesis is to 
some extent supported by evidence and that it offers the best explanation, 
at the moment, of a number of puzzling phenomena. 


SUMMABY. 

1. The isolated ventricle of the frog, exhausted of carbohydrate by 
continued contraction in the absence of oxygen, is revived by the addition 
to the perfusion fluid of glucose or mannose, but not fructose, galactose, 
axabinose, ribose, xylose, maltose, lactose, sucrose, glycogen, starch, 
glycine, or alanine. 

2. Under similar circumstances, sodium oleate and sodium linoleate 
produced temporary recovery which, unlike that caused by glucose and 
mannose, could not be repeated after re-exhaustion of the same ventricle. 

6. Under similar circumstances, methyl glyoxal produced a partial 
recovery, convertible to full recovery by the addition of glucose; pyruvic 
acid, sodium glycerophosphate, and dihydroxyacetone were separately 
Without effect; pyruvic acid and sodium glycerophosphate together 
produced slight recovery, increased by glucose to full recovery; and dl- 
glyceric aldehyde increased the force of contraction temporarily, but 
exerted a toxic effect. 
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4. The isolated ventricle, contracting in absence of oxygen, was 
rapidly stopped by iodo- and bromoacetic acids in concentrations of 
about 0-25 millimoL ; monochloroacetic, a- and jS-iodopropionic acids and 
iodoethyl alcohol were without effect even in much higher concentrations. 
The effect of iodoacetic acid was not removed by frequent changing of the 
perfusion fluid. 

5. The isolated ventricle, poisoned by iodoacetic acid in the absence 
of oxygen, was restored to activity by addition to the perfusion fluid of 
excess of reduced glutathione. The recovery was not complete, and the 
addition of glucose rapidly abolished contraction. Cysteine was able to 
prevent the action of iodoacetic acid but not to restore activity to a 
ventricle which had been poisoned by iodoacetic acid. 

6. Sodium arsenite, in a concentration of 0*25 millimoL, slowly 
abolished the power of contraction of the isolated ventricle in absence of 
oxygen but not in presence of oxygen. The ventricle, so poisoned, partially 
recovered the power of anaerobic contraction on the addition of reduced 
glutathione, and the further addition of glucose completely restored the 
power of contraction. 

7. The bearing of these results on the mode of carbohydrate break¬ 
down is discussed, and it is suggested that there may be two routes for the 
formation of lactic acid—one via methyl glyoxal, and the other via 
pyruvic acid. 

We wish to acknowledge gratefully the interest which Prof. A. J. Clark has taken in the 
progress of this work. We have also to thank the Moray Research Pund of this University 
for a grant in aid of the expenses. 


APPENDIX. 

A modification of the magnetic tipper previously described [Condon, 
1913] was devised by Mr N. E. Condon to give electrical stimuli at 
regular intervals. The outer jacket of a Liebig condenser was arranged to 
give a constant flow of water (Eig. 12, L) into a bucket, A, so making and 
breaking at regular intervals an electric contact, E, The platinum 
contacts of the older apparatus were replaced by a piece of platinum wire 
fixed to the bucket arm and arranged to dip into a cup of mercury at E, 
This provides the make-and-break of the primary circuit, and the mercury 
switch has the advantage over the platinum contact of allowing a longer 
time for the passage of current through the primary coil. 

The essential modification of the older apparatus consisted in a small 
vulcanite platform F, on which were mounted two metal cups F contain- 
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ing niereury, and a Mnged rod G provided at one end with, a means H of 
shorting the two cups and, at the other end, a small metal plate P. 
Through a 3/16 in. hole in this plate passed a curved piece of steel banjo 
wire of gauge 29 (K), with a slight kink near the end. The curvature of 
the wire was so arranged that when the bucket was empty, the wire just 





touched the end of the hole remote from the hinge. When, however, the 
bucket was full and tipping, the wire engaged the opposite side of the hole. 
Thus for a short period during the return journey of the bucket, the wire 
depressed the metal plate and so lifted the wire which shorted the metal 
cups (which formed a switch in the secondary circuit). 

The wiring is sufficiently shown in the diagram. 
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GLYCOGEN STORAGE AND L^VULOSE TOLERANCE. 
By peter E. MEYER. 

{From the II. Medical University Clinic, Oharite, Berlin.) 

{Received December 12, 1933.) 

Carbohybrate tolerance tests, especially when done with Isevulose, are 
thought to give some indication of liver function [Isaac, 1920; I s a a c and 
Siegel, 1928; vonBergmann, 1932; Stroebe, 1932; Kimball, 1932, 
etc.]. Hofmeister [1890] was the first to point out that dogs who had 
been starved for a long time developed glycosuria after the ingestion 
of carbohydrates (hunger-diabetes). Barrenscheen [1914] showed by 
transfusion methods that less glycogen than normal was formed in a 
liver if it were from a starved animal and contained little glycogen. 
Bang [1913] demonstrated a high and prolonged blood-sugar curve 
following glucose ingestion in rabbits after a period of starvation. 
Staub [1922] found a similar type of blood-sugar curve after fasting in 
man. In view of the pre\dous work of Barrenscheen, this type of 
blood-sugar curve was taken to mean that the liver cell could not form 
glycogen when it contained little itself [Lesser, 1920; Staub, 1922; 
Lichtwitz, 1930]. Isaac [1920] showed that after ingestion of Issvulose 
the blood sugar in normal man rises only shghtly, whereas with a 
damaged liver there is a considerable rise. 

The small normal rise of blood sugar in man after ingestion of 
laevulose was believed to be due to unchanged l^vulose [Isaac, 1920], 
The micro-method of estimating tevulose introduced by van Crefeld 
[1927] showed, however, that it is always mainly due to glucose [van 
Crefeld and Ladenius, 1928; and others]. In the case of experimental 
damage to the liver (chloroform, hydrazine sulphate) and disease in man 
the larger rise is partly due to unchanged l^vulose but much more to 
glucose, in some cases indeed to it alone; Corley, 1929; Heinecke and 
Peters, 1930; Steinitz, 1932; and others]. The unchanged laevulose 
when found is in all probability due to the failure of such a liver to convert 
IsBvulose fuUy into glucose, a conversion which was shown by Mann and 
Magath [1921] to be a function of the normal liver. The increase in 
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glucose was assumed, ou tlie basis of Barrensdieen’s experiments, to 
be due to tbe inability of a liver containing too little glycogen to make 
anymore. Vogt [1932], under Str oebe, held tke definite view that ''only 
a liver rich in glycogen can deal adequately with large quantities of 
carbohydrate. A raised and prolonged blood-sugar curve after l^vulose 
justifies the conclusion that the liver contains little glycogen.” Buettner 
andlSFeuhaus [1931], Stroebe [1932], Steinitz [1932] and others con¬ 
sider this type of blood-sugar curve as evidence of the inability of the 
damaged liver to form or store glycogen. There is no experimental 
evidence to justify these opinions. 

The following paper, therefore, deals with the problem whether a lack 
of glycogen in the liver cells impairs the power of forming glycogen after 
ingestion of Isevulose and whether the blood-sugar curve is determined 
by the readiness with which glycogen can be formed or stored in the hver. 

Methods. 

Groups of male rats were submitted to different periods of starvation. 
The blood sugar and the average resting glycogen content of the liver 
and muscles were determined, and then blood sugar, liver and muscle 
glycogen estimated at intervals after the administration of a standard 
dose of lasvulose. 

Each series consisted of nine or ten animals of about 150 g. body 
weight which were kept under the same conditions two weeks before 
the experiment. Some (3 to 5) were then killed, while the rest received 
the sugar and were killed one at the end of each hour up to the sixth 
hour after it. The standard meal consisted of about 500 mg. of Isevulose 
which was dissolved in 1 c.c. of water and introduced into the stomach 
by a fully filled 1 c.c. syringe fixed to the end of a stomach tube. At the 
end of the experiment the syringe was again fully filled with the Isevulose 
solution employed in the experiment, then emptied into a 200 c.c. flask, 
made up with water and the exact amount of Isevulose estimated in an 
aliquot part by Hagedorn-Jensen’s method. Immediately after the 
death of the rat the liver and the skinned left leg were frozen in liquid 
air, and the glycogen content estimated by Pfliiger’s method. The 
muscular tissue remained almost perfectly intact by removing the leg 
from the pelvis. Blood was obtained from the heart with filter paper or 
by bleeding into a dish containing oxalate crystals. Estimation of 
blood sugar was made by Hagedorn-Jensen's method. The amount of 
Isevulose absorbed was calculated by subtraction of the sugar still found 
in the alimentary tract after death from the total amount administered. 
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In order to determine the Isevulose content of the gut, the whole ali¬ 
mentary tract was removed between ligatures and cut in pieces. The fluid 
was expressed from the segments which were then washed and all the 
fluid so obtained was filtered through glass wool. The sugar content of 
an aliquot part of the filtrate was then determined. No appreciable 
sugar content vras found by this method in the empty alimentary tract. 

Results. 

Lcevulose absorption from the gut 

The amount of sugar absorbed has been stated by Cori [1925, 1926] 
to depend very much on the length of the previous fasting period. He 
found that 77 mg. of laevulose were absorbed per hour per 100 g. rat 
with a previous fasting period of 48 hours, whereas with only 24 hours 
more than 100 mg. were absorbed. In the present experiments (Table I) 
no marked difference in absorption was found in rats starving for 12, 
24, 48 or 96 hours. It was, however, considerably faster in winter, 
average 200 mg. in the first hour, than it was in the summer, when it 
averaged 131 mg. The average for aU rats examined was found to be 
174 mg. in the first hour, 142 mg. in the second and 125 mg. in the third. 
Absorption was complete at the end of the third hour. The values of 
blood sugar were not affected by the rate of absorption. 


Table I. Lsevnlose absorption from the alimentary tract. 

Bate of absorption (in mg. per 100 g. rat) 



1st hour 

2nd hour 

3rd hour 

Rats starving 12 hoars 

180 

148 

128 

,, » 24 „ 

156 

130 

— 

jj »s 48 ,, 

149 

136 

115 

n « 96 „ 

164 

142 

123 

Rats killed during vdnter 

202 

157 

127 

„ „ „ summer 

131 

119 

114 

Average of all rats 

174 

142 

125 


Glycogen formation in the wall of the intestine. 

If glycogen were formed in the intestinal wall during the absorption, 
the subsequent breakdown of this glycogen might contribute to the 
raising of the blood sugar. Accordingly estimations of glycogen in the 
intestinal wall were made; the amounts found were negligible and 
showed little or no change during and after laevulose absorption. 
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The blood sugar. 

In this and the following sections the results are best set out by 
grouping the experiments thus. 

Group I consisted of well-fed rats without a long previous fasting 
period. They were fed with 1 g. Isevulose per 150 g. body weight on the 
eve of the experiment (12 hours before it) and then kept starving. In 
this group 52 rats were employed, 25 of them being killed at different 
intervals after the laevulose meal. In these latter the average increase 
of blood sugar was 7 mg. per 100 c.c.; in 68 p.c. of them not more than 10 , 
in 32 p.c. between 10 and 50 mg. per 100 c.c. 



Fig. 1. Blood-sugar increase after l^vulose meal. Figures given in mg, per 100 c.c. above 
initial level. Group I: well-fed rats. Group II: short fasting period. Group III: long 
fasting period. 


Group 11, 70 rats starving 12-48 hours, of which 47 were examined 
after getting laevulose. In these the average rise of blood sugar was 
18 mg. per 100 c.c.; in 19*2 p.c. less than 10, in 78*7 p.c. between 10 and 
50, and in 2*1 p.c. more than 50 mg. per 100 c.c. 

Group III, 46 rats fasting for 96 hours, of which 28 were examined 
after laevulose. In these the average rise of blood sugar was 41 mg. per 
100 c.c., in 3*6 p.c. of them less than 10, in 71*4 p.c. between 10 and 50, 
and in 25 p.c. above 50 mg. per 100 c.c. 

The blood-sugar curves of groups I and II (Kg. 1) show a moderate 
increase during the course of the experiment, whereas the curve of 
group III corresponds to a “high and prolonged blood-sugar curve’’ 
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[Vogt, 1932]. If tlie statements referred to above were correct groups I 
and II ought to have shown a good initial glycogen content in the liver 
and good formation and storage after laevnlose, whereas a lack of liver 
glycogen in the resting rats and a deficiency of glycogen formation and 
storage shonld have been found in the third group. 


The glycogen formation in the liver. 

Group L This consisted, as already mentioned, of rats which were 
fed on the eve of the experiment with leevulose and then kept starving. 
This procedure was adopted because when animals were killed without 
any starvation period or after a fasting period of four hours the glycogen 
in the liver varied very widely. By the method adopted livers were 
obtained which showed a good resting glycogen content. There was a 
considerable difference in the glycogen content of different series which 
may well be accounted for by difference in the season and in external 
circumstances. In any one series, however, the resting liver glycogen 
content was found to be of approximately the same value (Table II). 


Table II. Besting glycogen content in the livers of rats. 
Figures given in g. per 100 g. liver. 


Group I, weli-fed rats. Group II, short fasting period. Group III, long fasting period. 


Group I 

Group II 

Group III 

Series S 4-90 

0*14 

0*26 

4-40 

0*12 

0*18 

0-79 

0*25 

0-36 

Series J 2-41 

0*32 

0*16 

2-68 

0*42 

0*39 

2-60 

0*07 

0*52 

2-19 

0*07 

0-34 


0*08 

0*54 

Series W 6-16 

0*06 

0*54 

5-86 

0*07 

0*88 

7*03 

0*15 

0*08 

Series V 3*19 

0*04 

0*15 

3*64 

0*08 

0*21 

3*60 

0*06 

0*53 


0*13 

0*39 


0*14 

0-12 


0*12 

M8 


0*08 

0-13 


0-15 

0-23 

0*10 

O’lo 

0-19 

0*12 

0-16 __ 

Average 0*14 0*39 
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After the standard dose of Isevulose the average content of glycogen 
found in the liver (Table III) decreased in the course of the experiment. 
The most marked decrease was observed in series with the higher initial 
glycogen values, above 5 p.c. With an initial glycogen value below that 
figure there was a slight increase in the second and third hour, but a 
marked decrease occurred in the later hours of the experiment. As a 
control experiment water only was given. This was followed by a rapid 
and progressive decrease in liver glycogen. After the end of absorption 
(fourth hour of experiment) the glycogen in the liver was in every series 
actually less than at the beginning of the experiment. 

Table III. Glycogen formation in the liver after 0*5 g. Isevnlose. 

Pigures given in g. per 100 g. liver above resting value. 

+ indicates increase, — indicates decrease. 

Group I, well-fed rats. Group II, short fasting period. Group III, long fasting period. 


Group I Group II Group III 



Glycogen 

No. of rats 

Glycogen 


Glycogen 

-\ 

Time 

No. of rats 

No. of rats 

1st hour 

-0'64 

3 

+0-80 

7 

+ 043 

5 

2nd hour 

-0-64 

4 

+ 2-05 

9 

+ 2-29 

5 

3rd hoixr 

-0*40 

3 

+ 2*27 

7 

+ 3*05 

5 

4th hour 

-1-57 

3 

-j-2-57 

6 

+ 3*74 

4 

5th hour 

-b71 

3 

4-2-04 

5 

+4*01 

5 

6th hour 

— 

— 

+ 1-S9 

5 

+ 2*97 

4 


Group II. The liver glycogen after a short fasting period was found 
to be practically constant, usually below 0*2 and never exceeding 0-5 p.c. 
After the dose of laevulose the average amount of glycogen deposited in 
the liver was found to be 0*80 after 1 hour and 2*05 p.c. after 2 hours. 
The glycogen formation was generally smaller than the average in those 
rats in which absorption from the gut was low. After 4 hours 25 p.c. 
of the sugar absorbed was recovered as glycogen in the liver. The average 
absolute glycogen content after that period was 2*57 p.c. which is only 
slightly less than the absolute average figure of the first group (2*84) in 
spite of the considerable difference in the resting glycogen of these two 
groups. 

Group III. The glycogen values after prolonged fasting were found 
to be practically constant and definitely higher than those in group II 
(Table II). A strong positive acetone reaction was present in the urine 
at the beginning of the experiment. 

After the dose of laevulose the rate of glycogen formation in the liver 
during the first hour was poor, the average found being 0*46 p.c. in 
contrast with 0*80 in group II. At the end of the second hour it was the 
same as in group II (Table III); at the end of the fourth hour it was 
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3‘74 p.c.j which, corresponds to 33 p.c. of the sugar amount absorbed, 
both these figures being higher than those of groups I and II. 

The results given so far show that the amount of glycogen already in 
the liver does not determine the capacity of the liver to build up glycogen, 
as was suggested by Barrenscheen’s experiments. The rats of group II, 
although they had hut little glycogen in the liver, showed good glycogen 
formation, whereas the rats of group III with a somewhat higher resting 
glycogen value formed definitely less in the first hour. The store of 
glycogen built up after the end of the absorption period (fourth hour) 
was in both groups II and III better than in group I with a high initial 
glycogen value. Furthermore, the results do not confirm the explanation 
of the blood-sugar curve after laevulose hitherto given. According to the 
blood-sugar curves, groups I and II should have had a good store of 
glycogen in the liver to start with, and after Isevulose have increased it 
considerably, whereas the reverse should have held for group III. It is, 
however, evident that group II had the smallest amount of glycogen in 
the liver before the dose of Isevulose and group I the smallest amount 
after it; the best glycogen formation was found in rats of group III. 
When the increase of blood sugar is compared with the glycogen de¬ 
position in the liver (Table IV) it is seen that a high rise of blood sugar 
does not correspond to a small glycogen formation in the liver nor a 
small one with a large. The hlood-sugar curve after leevulose has in these 
experiments no relation to the liver glycogen. 

Table IV. Increase in liver glycogen in relation to the blood-sugar rise. 

Increase in liver glycogen in p.c. of Issvulose absorbed, 

1st bour 2nd bom* 3rd bour 4tb bonr 5tb hour 6tb hour 

blood sugar Oly- No. of Gly- No. of Gly- No. of Gly- No. of Gly- ^o. of Sy^^^^^N^f 
mg. per 100 c.c. cogen rats cogen rats cogen rats cogen rats cogen rats cogen rats 

0-10 9 9 22 4 18 2 5 4 7 3 10 3 

10-50 12 9 27 10 21 10 27 7 30 7 22 6 

Above 50 13 1 31 2 42 l 27 2 24 1 — — 

The glycogen formation in the muscles. 

Group I, The initial glycogen content of the muscles was approxi¬ 
mately the same for all rats of this group of well-fed animals in spite of 
the considerable differences in the amount of liver glycogen in the 
different series (Table V). The average glycogen formation after leevulose 
was considerable; a comparatively large amount of glycogen was already 
deposited in the first hour after Isevulose which was in all probability due 
to the breakdown of liver glycogen (Table VI). 



GLYCOGEN AND LMVULOSE TOLERANCE. 


487 


Group II. The resting glycogen in the muscles of this group was low, 
as it was in the liver. After laevulose ingestion a good glycogen formation 
was found which increased every hour until the maximum was reached 
in the fourth hour of the experiment when absorption was finished. No 
appreciable difference is found in the average rate for the whole experi¬ 
ment between groups I and II (Tables V and VI). 


Table V. Resting glycogen content in the mnscies of rats. 

Rigure given in g. per 100 g. muscle weight. 

Group I, well-fed rats. Group II, short fasting period. Group III, long fasting period. 


Group I 

Group II 

Group III 

0-31 

0-16 

0*20 

0-31 

0-17 

0*24 

0-36 

0-14 

0*24 

0-32 

0-14 

0*36 

0-38 

0-15 

0-38 

0-31 

0*20 

0-19 

0*22 

0*18 

0-20 

0-40 

0*15 

0*32 

0-26 

0*28 

0*21 

0-31 

0*22 

0*27 

0-27 

0*15 

0*26 

0-41 

0*19 

0*12 

0-26 

0*22 

0*23 

0-26 

0*18 


0-32 

0*16 


0*24 



0-28 



0*31 

0*18 

0*25 


Table VI. Glycogen formation in the muscle after Isevulose. 

Figures given in g. per 100 g. muscle above resting value. 

+ indicates increase, - indicates decrease. 

Group I, well-fed rats. Group II, short fasting period. Group III, long fasting period. 


Group I Group II Group III 

■ — - A- . ■■ ■ ■ I--T.—. A.- — -A. ■■ 


Time 

Glycogen 

No. of rats 

r 

Glycogen 

No, of rats 

Glycogen 

^ 

No, of rats 

Ist hour 

+ 0*12 

3 

4-0*06 

6 

-0*01 

6 

2nd honr 

+ 0*06 

5 

4-0*08 

8 

+0*06 

5 

3rd hour 

-1-0-13 

5 

+ 0*11 

4 

+0-09 

5 

4th hour 

+ 0*13 

5 

+0*18 

6 

+0*07 

4 

6th hour 

+0*13 

3 

+0*08 

3 

+0*05 

4 

6th hour 

+ 0*12 

2 

+ 0*12 

5 

-0*02 

4 

Average 

+ 0*12 

23 

+0*10 

32 

+0*04 

27 


Group III. The average initial glycogen content in this group held^ 
as in the case of the liver, an intermediate position between the figures 
for groups I and II. No glycogen formation occurred during the first 
hour; the maximum was found after 3 hours and was about half as much 
as the maximum in group II. At each hour the figures are lower than 
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those for either group I or II, the average for the whole experiment being 
only one-thircl (Tables V and VI). 

It must be noted that the increase of muscle glycogen is small like 
the initial glycogen content. The variations observed in the resting 
glycogen content in the liver, especially if this is low, do not affect the 
results after l^vulose because comparatively large quantities of glycogen 
are newly formed. The same variations, when they occur as they do, in 
the resting muscle glycogen are much more liable to affect the result 
owing to the comparatively small amount of glycogen formed. The 
number of animals, however, from which these averages are calculated 
is such that the figures certainly indicate a diminished power of building 
up glycogen in the muscles of rats that have fasted long (group III). 

There is a definite relationship between the formation of muscle 
glycogen and the correspondmg increases in blood sugar (Table VII). 
Rats showing a marked increase in blood sugar (above 50 mg. per 
100 c.c.) show little if any formation of glycogen in the muscle; the 
amount formed is largest when the blood sugar rises least. The capacity 
of the muscle to build up glycogen seems, therefore, to have a definite 
relation to the blood-sugar curve. The blood sugar after Isevulose is high 
when the muscles cannot form glycogen. 

Table VII. Increase in muscle glycogen in relation to the blood-sugar rise 
after 0*5 g. Ijevuiose meal. 

Figures given in g. per 100 g. muscle weight above resting value and in mg. per 100 c.c. 
blood. Where the ~ sign appears there is no increase but a diminution. 



1st hour 2nd hour 

3rd hour 

4th hour 

_j_ 

5th hour 

A 

6th hour 

A 

in 

Gly¬ 

No. of Glj- 

No, of Gly- 

No. of Gly- 

No. of Gly- 

No. of Gly- 

No. of 

Hood sugar 

cogen 

rats cogen 

rats 

cogen 

rats 

cogeu 

rats 

cogen 

rats 

cogen 

rats 

0-10 

0*12 

5 0-10 

5 

0-12 

4 

0-15 

5 

0-17 

2 

0-16 

3 

10-50 

0-03 

9 0*06 

8 

0-11 

10 

0-11 

6 

0-09 

6 

0-03 

7 

Above 50 

-0-08 

1 0-01 

3 

0'02 

1 

0-03 

2 

0-05 

2 


— 


The effect of thyroxine. 

The following experiment points to a similar conclusion. Abder- 
halden and Wertheimer [1930] showed that after thyroxine the livers 
of rats are unable to form glycogen. A series of seven rats were, therefore, 
injected daily with 0-6 mg. thyroxine (Schering) for 7 days. The a-nimalg 
were then kept fasting 12 hours before giving the Isev^ose. The liver 
glycogen of the fasting rats was very low, 0-06 p.e. Following Isevulose 
ingestion there was hardly any increase, the maximum after 3 hours 
being 0'16 p.c. The muscle, however, the initial glycogen content of 
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whicli was also very low (0-09 p.c.), had risen after 3 hours to a masamiinij 
0*25 p.c .5 an increase similar to that observed in'rats of group II. There 
was no marked rise in the blood-sugar level This result is very much 
against the old explanation that the failure of the liver to form glycogen 
accounts for the rise of blood sugar after Isevulose, while on the contrary 
the relation between glycogen formation in the muscles and blood sugar 
is the same as that in the experiments recorded above. With larger doses 
of thyroxine the blood sugar tends to rise considerably after lasvuiose 
[Kugelmann, 1930] and the glycogen formation in the muscles of rats 
becomes poor [Abderhalden and Wertheimer, 1930]. 

Summary. 

1. It has been commonly held that (a) the power of the liver to form 
glycogen is impaired when its store of glycogen is low; and that (b) an 
excessive rise of blood sugar after taking Isevulose is due to the inability 
of the liver to form and store glycogen. The experimental basis of these 
opinions has been critically examined. 

2. The power of the liver to form glycogen has been shown not to 
be impaired when its store of glycogen is low. 

3. An excessive rise of blood sugar after Isevulose has been found to 
be associated neither with a low glycogen store nor with inability of the 
liver to form and hold glycogen. 

4. On the other hand such a rise of blood sugar after Isevulose was 
associated with little or no glycogen formation in the muscles. 

5. The results suggest that inability, not of the liver, but of the 
muscles to build up glycogen is at least one factor of importance in 
an excessive rise of blood sugar after Isevulose. The clinical observation 
that such a blood-sugar curve is given in disease of the liver is not 
disputed, nor is it incompatible with the above results if the anabolism of 
glycogen in the muscles is influenced by the metabolic changes which 
carbohydrates undergo in the liver. 

I wish, to express my thanks to Prof, von Bergmann for many kindnesses shown to 
me while working at the Charite Krankenhans, Berlin, and for facilitating this investigation 
in every way. I am also extremely indebted to Dr A. F. Hnrst for his enconragement 
and advice which has enabled me to correlate my researches and present them in this 
form; and to Mr Spurrell and Dr S. L. Simpson for very helpful criticism. 
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THE CARBON DIOXIDE BALANCE BETWEEN THE 

MATERNAL AND FOETAL BLOODS IN THE GOAT. 

By angel B. keys. 

{From the Physiological Laboratory, Cambridge,) 

{Received November 15, 1933.) 

Introduction. 

The possibility of carbon dioxide secretion at or in the placenta was not 
entertained by the earlier investigators, although the same question with 
regard to oxygen was most seriously debated [Zuntz, 1877; Cohnstein 
and Zuntz, 1884; Charpentier and Butte, 1888; Butte, 1893; Bohr, 
1909]. Subsequent demonstration of the high diffusion coefficient of 
carbon dioxide [Krogh, 1919] indicated that passive exchange of carbon 
dioxide should be ample to provide for its ehmination from the foetus. 
Huggett's ‘'differential tonometry” [1927] pointed to a passive diffusion 
of COg across the placenta of the goat, but the data given are few and not 
entirely conclusive. 

Granting for the moment the probability that the elimination of OOg 
from the mammalian embryo does not involve secretory work, there 
remains a second problem with regard to the avoidance of acidosis in the 
embryo. It is well known that the pregnant female is relatively acidotic 
and that in late pregnancy a degree of acidity is attained which would be 
considered dangerous in a non-pregnant subject [Williamson, 1923]. 
If there is always a COg gradient from the foetus to the mother, the 
foetus might be expected to show an even more pronounced acidosis. 

Material for the study of these questions was available at Cambridge 
during the investigation of the foetal oxygen relations in the goat 
[Barcroft, 1933], and the data presented here were obtained from the 
bloods of the animals used in the experiments on oxygen exchange. 

Methods. 

The ansesthesia, operative technique and collection of the. blood in 
these goat experiments have been described in detail by Barcroft 
[1933]. All blood was drawn into syringes containing oxalate and 

32—2 
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fluoride solution -wMcli was in tonometric equilibrium with room air; 
the oxalate-fluoride solution was 10 p.c. of the final volume in the 
syringe. 

Determinations of COg and Og contents of the bloods were made in 
duplicate with the van Slyke apparatus immediately after drawing. A 
second blood portion was equilibrated with room air for the determina¬ 
tion of the oxygen capacity, and the rest of the blood stored in a tono¬ 
meter with a large gas phase in which the partial pressures of GOg and Og 
were each about 50 mm. Hg. Blood samples from this tonometer were 
then equihbrated at 37° C. in the new Barcroft tonometers [Bareroft, 
1934] in gas mixtures (calculated to give about 50 p.c. oxygen satura¬ 
tion) over the general range 30-60 mm. partial pressure of COg. The 
blood gas analyses were done in duplicate on 0-2 c.c. portions using the 
standard van Slyke procedure. At the end of the day a second deter¬ 
mination of oxygen capacity was made in most cases; these showed little 
or no change. 

In a few cases blood drawn directly from the animal was analysed for 
carbon dioxide tension by means of a modification of Krogh’s [1908] 
bubble method. 


Carbon dioxide contents and tensions. 

In the earlier stages of pregnancy, foetal blood sufficient for study of 
the COg relations was not obtained; however, in two cases carbon dioxide 
tensions were determined by the bubble technique on blood from the 
maternal jugular vein of the anaesthetized goat after laparotomy. Tensions 
of 41 and 48 mm. Hg were found; a later determination on the second 
goat gave a COg partial pressure of 53 mm. Hg with indication of slight 
anox8smia after 85 min. of profound anassthesia and very extensive 
operative manipulation. These results indicated that maternal COg 
elimination was well maintained under the experimental procedure. 

In two other cases bubble determinations were successful with both 
maternal and foetal bloods (from the uterine and umbilical veins respec¬ 
tively). The results are given in Table I; in both cases the carbon dioxide 
tension on the foetal side of the placenta was slightly higher than on the 
maternal side. 

The other four sets of figures in Table I were obtained from values 
for COg contents and the individual COg dissociation curves for the same 
bloods; the method of obtaining these figures will be apparent from an 
inspection of Kgs. 1-4. The six cases show clearly that under the 
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Table I. COg tensions in the blood as drawn from the animal. Values in mm. Hg« 


Days of 


Date 

No. 

pregnancy 

Maternal 

Foetal 

April 18 

8* 

85 

45 

47 

May 1 

10* 

101 

46 

52 

May 0 

lit 

106 

40-8 

40-5 

May 12 

12t 

113 

41*5 

48-5 

May 22 

14t 

126 

38*3 

51*5 

May 31 

161- 

(105)t 

44-7 

44-5 


* Determined by bubble analysis. 

t Determined from GOg content and CO 2 dissociation curve for the same blood, 
j Approximate, calculated from weight of foetus. 


experimental conditions COg elimination from the foetus is effectively 
maintained without the appearance of any secretory mechanism. 

The gas contents of the foetal blood as drawn from the animals may 
be compared with values obtained byHuggett [1927] and Cohnstein 
and Zuntz [1884] for goats. 


Table II. Mean gas contents of foetal arterial blood (from the umbilical vein) 
as drawn from the animal. 


Reference 


p.c. Oa 

saturation Og, vol. p.c. COg, vol. p.c. 


Present determinations 
Huggett [1927] 

Cohnstein and Zuntz [1884] 


64*1 

8-27 

47-0 

45-0 

7-96 

29-9 

— 

6-3 

40-5 


The alkali reserve. 

The carbon dioxide dissociation curves for the foetal and maternal 
bloods are shown in Figs. 1-4; they show uniformly a markedly higher 
alkali reserve in the foetal bloods than in the respective maternal bloods. 
That this is not due simply to the smaller cell volumes in the foetal bloods 
is shown by the lines for the plasmas (solid lines in the figures) which were 
calculated from the oxygen capacities and the whole-blood dissociation 
curves by means of the line charts ofvanSlyke and Sendroy [1928, 
see Peters and van Slyke, 1932, p. 289]. 

The propriety of the use of van Slyke’s line charts for these calcula¬ 
tions is shown in Table III by the agreement between cell volumes 
calculated in this way and the cell volumes observed with the hsema- 
tocrit^. 

The average foetal whole blood contained 22 p.c. more 00^ than the 
corresponding maternal whole blood at the same COg tension; the foetal 
plasma averaged 18*6 p.c. higher in COg capacity than the maternal 

1 By tb© kindness of Dr A. St G. Huggett. 
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Fig. 1. Carbon dioxide dissociation curves for foetal and maternal whole bloods with 
calculated lines for the plasmas. Partial pressure of oxygen 47 mm. Hg throughout. 
The crosses show the CO2 contents of the bloods as drawn from the animal. Goat 
No. 11, May 5, 106 days’ pregnant. 

Table III. CeU volumes calculated from oxygen capacity and comparison with 
hsematoerit values. 

Cell voi. p.c. of 
whole blood 


Date 

Goat No. 

Blood 

r 

Calculated 

Observed 

April 18 

8 

Foetal 

38*4 

40 

May 1 

10 

Foetal 

23*1 

22 

May 5 

- 1 

Maternal 

Foetal 

39-2 

27-0 


May 12 

12 

(Maternal 

(Foetal 

37*1 

31-7 

32 

May 22' 

14 

(Maternal 

(Foetal 

40*2 

27*8 

29 

May 31 

16 j 

[Maternal 

[Foetal 

27*8 

25*0 


May 18 

Control 13 


44*2 



1 

‘ Before anaesthesia 

28*1 


May 16 

Control C3 A 

15 min. „ 

33*0 


1 

[ 75 min. „ 

35-0 


May 29 

Ckyntrol 

(Before anaesthesia 
(90 min. 

20*8 

24*9 
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CO 2 partial pressure in mm. Hg. 

Fig. 2 . Carbon dioxide dissociation curves for foetal and maternal wiiole bloods ’witb 
calculated lines for tbe plasmas. Partial pressure of oxygen 4^8 mm. Hg. Tbe 
crosses show COg contents as drawn. Goat No. 12 , May 12 , 113 days’ pregnant. 

Table IV. Blood hydrogen ion concentrations at 37°, 





pE 

pK 

Date 

Goat No. 

Blood 

calculated 

observed* 

May 5 

11 

Maternal 

7-26 

7*26 


Foetal 

7-34 

7*38 

May 12 

12 

Maternal 

'7*22 

7-25 



Foetal 

7*30 

7*31 

'May 22 

14 

Maternal 

7-23 

7*14t 


Foetal 

7-27 

7*30 

May 31 

16 

Maternal 

7‘33 

7*33 


Foetal 

7-35 

7*34 

May 16 

Control C 3 

Before anaesthesia 

7-37 


15 min. „ 

7*31 




75 min. „ 

7*35 


May 18 

Control 13 


7*38 


May 29 

Control 

Before anaesthesia 

7*50 , 



90 min. „ 

7*41 



* Values obtained with the glass electrode and quoted here by the kindness of Dr B. E. 
Havard and Mrs S. Dickinson. 

•j* May be erroneous. 
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plasmas. These figures indicate that, in spite of the foetal-maternal CO 2 
gradient, the foetus would not be more acid than the mother, and might 
even be expected to be less acid by virtue of the superior alkaline reserve 
of its blood. 

This, in fact, was found to be the case; in every experiment the foetal 
blood was less acid than that of the mother. In Table IV the hydrogen 



Fig. 3. Carbon dioxide dissociation curves for foetal and maternal whole bloods with 
calculated lines for the plasmas. Partial pressure of oxygen 43--48 mm. Hg. The 
crosses show COg contents as drawn. Goat No. 14, May 22, 126 days’ pregnant. 

ion concentrations are given for the experimental animals as well as for 
three non-pregnant female goats. The calculated pH values were 
obtained by the use of the Henderson-Hasselbalch equation: 

pH^pk^log [BHCOgl-log [H 2 CO 3 ], 

taking_pifc = 6-10 [Hastings, Sendroy and van Slyke, 1928], For this 
purpose the line charts of van Slyke and Sendroy given by Peters and 
van Slyke [1932, pp. 289, 294] were used in most cases. 
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The excellent agreement between the calculated values and tbe 
values obtained by the glass electrode is a triumph for the Henderson- 
Hasselbalch equation under severe conditions, and warrants more 
extensive use of this calculation with hitherto uninvestigated bloods. 



30 35 40 45 50 55 60 65 


CO 2 partial pressure in mm. Hg. 

Fig. 4. Carbon dioxide dissociation curves for foetal and maternal whole bloods with 
calculated lines for the plasmas. Partial pressure of oxygen SO mm. throughout. The 
crosses show CO 2 contents as drawn. Goat No. 16, May 31, about 110 days’ pregnant. 

Discussion. 

The present series of experiments reveals a nicely adjusted system 
which provides for elimination of foetal carbon dioxide without requiring 
secretory work and at the same time safeguards the hydrogen ion con- 
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centration of tlie fcetal blood. This is not attained^ however, without 
some sacrifice—but the sacrifice is on the part of the mother. Both in 
alkali reserve and in pH the maternal blood alters very much from the 
normal goat blood, but the foetus is protected and its blood is much more 
nearly normal than the mother’s. This is brought ont in Table V in which 
average values for whole blood are tabulated. 

Table V. Average value for ansesthetized animals- 

Normal goat Pcetal blood Maternal blood 

COo capacity* 51 47 38 

pK 7*38 7*32 7-26 

* At balf-saturatioii ■with oxygen and partial pressure of 002=45 mm. Hg. Values are 
in volumes p.c. for -whole blood. 



J’ig, 5. Complete CO 2 dissociation curves for whole blood. Comparison of average foetal 
and maternal bloods at 3|- months' pregnancy and foetal blood at term as calculated 
jBrom Huggett [1927]. All values for oxygen partial pressure 47 mm, Hg. 

In the course of fcetal development there seems to be a general deple¬ 
tion of the alkali reserve; Williamson [1923] observed a continuous fall 
in the COg capacity of the blood of pregnant women with the advance of 
pregnancy. Por the goat, figures obtained here for 3| months’ pregnancy 
may he compared with values calculated from Huggett’s data for the 
fcetal blood at or very near term (Pig. 5). Even allowing for possible 
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differences in states of nutrition, etc., in tte two sets of animals, tliere is 
a mucli lower alkali reserve at term tkan (roughly) six weeks earlier. It is 
of interest to recall that Zangemeister and Meissl [1903] observed a 
progressive decrease in the osmotic pressure of the blood of women in 
pregnancy. 

The gas transport properties of foetal blood as indicated in the work 
here at Cambridge are compared in Table VI with the values calculated 
from H u g g e 11. The goat foetus at term shows a much higher Og capacity, 
but a much lower CO 2 capacity than the 3-|-month foetus. 

Table VI. Plasma CO^ capacity of foetal bloods as indicated by CO 2 content at a CO 2 
partial pressure of 45 mm., when the partial pressure of oxygen is about 43 mm. Hg. 

Foetuses 100-130 days old. Foetuses at or near term. 

Present determinations Calculated from Huggett[1927] 


O 2 capacity 

Plasma CO 2 

O 2 capacity 

Plasma COg 

voL p.c. 

capacity vol. p.c. 

vol. p.c. 

capacity* vol. p.c. 

11-7 

57-5 

15-5 

27-4 

12*4 

51-3 

17 

30-2 

12-9 

49-8 

18 

44-5 

14-1 

5M 

19 

37-4 

— 

— 

19 

48-4 

Means 12*8 

52-4 

17-7 

37-6 


* Calculated from partial dissociation curves constructed from Huggett’s tonometrio 
data, corrected to O 2 partial pressure of 45 mm. from Huggett’s figures for the effect of 
oxygen on the CO 2 capacity of the blood in his experiments. The transformation from whole 
blood to blood plasma was made by means of the line chart given by van Slyke and 
Sendroy [1928]. 

Unfortunately, Huggett did not collect data from which a com¬ 
parison of foetal and maternal alkali reserves may be made. In fourteen 
cases of normal pregnancy, Losee and van Slyke [1917] found maternal 
plasma COg capacity below the average for non-pregnant normals in all 
cases, and in ten cases the values were below what is regarded as the 
'‘minimum normal.’’ They drew blood from four infants 2-3 days after 
birth and obtained an average CO 2 capacity of 53 volumes p.c., while the 
corresponding mothers averaged 50. 

Williamson [1923] found the average COg capacity of blood of 
infants at birth to be 10 p.c. higher than the average for their mothers. 
He observed that the alkali reserve of the mothers’ blood rapidly rises 
after parturition and is back almost to normal within 10 days. Weiss- 
mann-Hetter [1925] found an even greater superiority in COg capacity 
of the blood of normally delivered new-born infants; similar results were 
obtained from foetal and maternal bloods in four Caesarian deliveries 
[Levy-Solal, Weissmann-Netter and Dalsace, 1926]. 

Opposed to this body of evidence are the results obtained by Bell, 
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Ciiiiiiiiigliani, Jowett, Millet and Brooks [1928] wlio studied two 
Csesarian section deliveries and a few cases of normal delivery; tbey found 
tlie GO 2 capacity of tlie foetal whole blood to average about 5 p.c. less 
than the maternal blood, and believed this to be due to the high lactic 
acid level (average 68 mg./lOO c.c.) found to characterise the foetal blood. 

There is little evidence as to the chemical substances responsible for 
the diherence in physiological buffering power between the maternal and 
fcntal bloods. Unfortunately, the analytical data in the literature in most 
cases report simply concentrations of the various substances in the whole 
blood; in view of the pronounced differences in the cell volumes of 
maternal and foetal bloods, comparison is difficult. 

In man, at least, there is practical identity between foetal and 
maternal blood in respect to total osmotic pressure and chloride, while 
total protein nitrogen is slightly higher in the maternal blood [Needham, 
1931, 3, 1531-3; Tilth and Wirz, 1929]. 

In the goat Alb a no [1903] reported the foetal blood to have about 
4 p.c. higher osmotic pressure than the maternal blood, but A lb a no’s 
s imil ar statement with regard to the cow is opposed by the studies of 
Ubbels [1901] and Griinbaum [1904] who found the same osmotic 
pressure in both foetal and maternal blood. 

All investigators [see Needham, 1931, p. 1531] agree that the 
concentrations of calcium and inorganic phosphorus are higher in foetal 
blood than in maternal blood (in man, dog, rabbit, cow and pig). Sodium 
and potassium have been variously reported as identical, higher in 
maternal and higher in foetal blood; at first sight the balance of evidence 
indicates a preponderance of potassium on the foetal side, but when 
calculations are made on the basis of Na and K in the plasma, the values 
are very nearly equal [Von Oettinger, 1926; Edelstein and Yllpo, 
1921; Bakwin and Rivkin, 1927; Krane, 1930]. 

In the present series of experiments a few measurements of serum 
refractive index gave slightly higher values for the maternal blood, 
indicating a probable higher protein concentration in the mother. On 
the basis of present knowledge it would seem that part of the higher CO 2 
capacity of the foetal blood is due to the excess of phosphates and 
calcium compounds in it; some other factors, however, must he involved. 

Summary. 

Measurements of carbon dioxide tension in foetal and maternal blood 
of the goat showed that passive diffusion would suffice for the foetal OO 2 
elimination under the conditions of the experiments. 
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The fcBtal blood has a much greater COg capacity than the maternal 
blood and this is due to a greater alkali reserve in the plasma. 

By virtue of this higher alkali reserve the foetal blood is less acid than 
the maternal blood, in spite of the fact that the foetal COg content is 
always much larger. 

Both in blood and in alkali reserve the goat foetus is more nearly 
normal than its mother. 

Prof. J. Bar croft made possible tbe undertaking of the present study and his 
stimulating interest secured its completion. 


REFERENCES. 

Albano, L. (1903). Arch. OsUt. Ginec. 10, 550, 624. 

Bakwin, H. and Rivkin, H. (1927). Amer. J. obstet. Gynaec. 13, 68. 

Baroroft, J. (1933). The Lancet, November 4. 

Bar croft, J. (1934). J. Physiol. 80, 388. 

Beil, W. B., Cunningham, L., Jowett, M., Millet, H. and Brooks, J. (1928). Brit, 
med. J. i, 126. 

Bohr, C. (1909). Nagel’s Handbuch der Physiologic des Menschen, 1, 219. 

Butte (1893). C. B. Soc. Biol., Paris, 46, 223. 

Charpentier and Butte (cited from Huggett [1927]) (1888). Nouv. Arch. d'Obstit. 
Gyndc. 3, 339. 

Cohnstein, J. and Zuntz, N. (1884). PflUgers Arch. 34, 206. 

Edelstein, F. and Ylipd, A. (1921). Z. Kinderheilk. 27, 79. 

Filth, H. and Wirz, P. (1929). Arch. Gyndk. 135, 612. 

Griinbaum, B. (1904). Vcrh. phys.~med. Gcs. Wurzburg. 

Hastings, A, B., Sendroy, J. and van Slyke, D. B. (1928). J. biol. Ghem. 79, 183. 
Huggett, A. St a. (1927). Physiol. 62, 373, 

Krane, W. (1930). Z. Geburtsch. Gyndk. 97, 22. 

Krogh, A. (1908). Skand. Arch. Physiol. 20, 259. 

Krogh, A. (1919). J. Phjsiol. 52, 391. 

Levy-Solal, Weissmann-Netter, R. and Balsace, J, (1926). 0. B. Soc. Biol., Paris, 95, 
185. 

Losee, J. R. and van Slyke, B. B. (1917). Amer. J. med. Sci. 163, 94. 

Needham, Joseph (1931). Chemical Embryology, Cambridge. 

Von Oettinger, K. (1926). Arch. Gyndk. 129, 115. 

Peters, J. P. and van Slyke, B. B. (1932). Quantitative Clinical Chemistry, u, pp. 289, 
294. New York. 

Ubbels, B. G. (1901). Inaug. Bissert. Giessen. 

Van Slyke, B. B. and Sendroy, J. (1928). J. biol. Chem. 79, 781. 
Weissmann-Netter, R. (1925). Th^se, Paris. 

Williamson, A. C, (1923). Amer. J. obstet. Gynaec. 6, 263. 

Zangemeister, W. and Meissl, T. (1903). Munch. 7md. Wschr. 50, 673. 

Zuntz, N, (1877). Pflilgers Arch. 14, 614. 



502 


612.111.II:6i2.o87.853*3o7 


A SPECTROSCOPIC METHOD FOR THE STUDY OF 
HEMOGLOBIN IN DILUTE SOLUTIONS. 

By F. G. HALL. 

{From the Physiological Laboratory, Cambridge.) 

{Received November Vlth, 1933.) 

Introduction. 

The comparison microspectroscope has been used by several investigators 
for the study of haemoglobin [Btirker, 1911]. Krogh [1919] described a 
method and Krogh and Leitch [1919] used such an instrument to study 
haemoglobin in fishes’ blood. More recently the microspectroscope has 
been employed in the study of respiratory pigments by Keilin and Hill. 
The author is indebted to both Dr Keilin and Mr Hill for suggestions 
which have led to the use of this instrument as herein described. The 
following description involves no new use of the microspectroscope. The 
purpose of this paper is to outline a procedure rather than to describe the 
use of any particular instrument. Perhaps in this way it may serve others 
who may be interested in a relatively simple technique for making oxygen 
dissociation curves on limited quantities of blood. 

The miorospectroscopic comparator. 

A Zeiss microspectroscopic eyepiece was arranged as shown in Fig. 1. 
A colorimeter plunger was attached to the tube of the eyepiece. A colori¬ 
meter cup was held in a fixed position some centimetres below. Between 
the fixed cup and the fixed plunger a movable cup (C^) and a movable 
plunger (P^ could be raised or lowered by means of a rack and pinion. 
Thus the sum of the depths of solutions in movable and fixed cups was 
always constant regardless of the position of the movable cup and plunger. 
A depth of 20 mm. was found a convenient one. Consequently it will be 
seen that when a solution of fully oxygenated hsemoglobin was placed in 
one cup and of fully reduced haemoglobin in the other, one could obtain a 
spectrum of haemoglobin representing any degree of oxygenation by 
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simply varying the relative depth of the solutions in the two cups. The 
ratio of depths of the two hsemoglobin solutions to one another was read 
on a vernier scale. A tonometer {T) containing the haemoglobin solution 
under investigation was placed in front of the side opening of the eyepiece 



© 


Fig. 1. Diagram to show the relative positions of the spectroscopic eyepiece (S), the 
tonometer (T), the colorimeter plungers (P, P^) and the colorimeter cups (0,0^), The 
tonometer was kept in a glass water bath (P). Two lights were fixed in the position (L) 
and their intensity regulated with resistances so that the comparison spectra were of 
equal intensity. 

(Fig. 1). In this manner th.e two spectra could be matcbed and the degree 
of oxygen saturation of the unknown determined. 

A nitrogen container (Fig. 2) was constructed by iuTerting a large 
bottle and filling it about one4hird full with a concentrated solution of 
sodium bydrosulpMte. Nitrogen from a supply tank was bubbled through 
the hydrosulpMte solution and allowed to stand for some hours before 
using. Samples were withdrawn from time to time and analysed with a 





504 


F. G. HALL. 


Haldane gas analysis apparatus. No detectable quantity of oxygen was 
ever found. A manometer (M) was arranged to show tlie pressure witbin 
tbe nitrogen container or within the tonometer as desired. This could be 
accomplished by manipulation of the stopcock (Sg). 



Pig. 2. Diagram to show how tonometers were filled with gas mixtures of known oxygen 
pressures. Two stopeoclis So) were manipulated so that the tonometer could be 
alternately evacuated and refilled with nitrogen. Pressures were read on manometer 
(JJ). 

The tonometer was constructed somewhat after that used by Red- 
field [1930], except that the cell was blown from one piece of glass. The 
cell was approximately 2 cm. in diameter and 1 cm. deep. The total 
capacity of the tonometer was about 35 c.c. 

Pkocedube. 

3 c.c, of a dilute heemoglobin solution were placed in the tonometer. 
The tonometer was then evacuated three times, refilling with nitrogen 
each time. By gentle shaking the dissolved gases could be removed from 
the solution and the haemoglobin fully reduced. Fig. 2 shows the position 
of the stopcocks in relation to the vacuum line, nitrogen supply and tono¬ 
meter. It was found more convenient to draw the nitrogen from the 
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manometer by manipulation of a stopcock (S^) than directly from tlie 
nitrogen container. After tbe last evacuation the pressure in tKe tono¬ 
meter was left somewhat below atmospheric, and a measured quantity of 
air was admitted from a gas burette. The temperature of the air in the 
gas burette and the atmospheric pressure were noted. The tonometer was 
then shaken for 10 min. in a constant temperature bath. It was then 
quickly removed to the glass water bath in front of the spectroscope and a 
reading taken at once. 

The standard haemoglobin solution placed in the colorimeter cups was 
prepared as foUows. Since the depth of the solution in the cups was twice 
,that in the tonometer the heemoglobin solution was diluted to one-half 
that in the tonometer. One portion was placed in the lower cup and about 
5 mg. of sodium hydrosulphite added. The other portion was saturated 
with air and placed in the upper cup. 


Calculations of the oxygen tensions. 


If Ftoji. is the capacity of the tonometer in c.c., the volume of 
haemoglobin in c.c. which has been admitted into the tonometer and 
freed of dissolved and combined oxygen, F.^ the quanity of air in c.c. 
introduced into the tonometer at room temperature (jT^l) atmospheric 
pressure (P) in mm. of Hg, and the c.c. of oxygen which is 

combined with haemoglobin plus that which is physically dissolved in the 
hasmoglobin solution after equilibration at temperature then the 
partial pressure of oxygen (pp) in mm. of Hg will be: 


0*2094 


X 



Since the quantity of physically dissolved and combined oxygen is 
small, may be approximated without significant change in values 

for oxygen tensions. 

It was thought desirable to compare the spectroscopic method with 
the van Slyke-Neill manometric method using similar samples of 
blood. Haemoglobin from sheep blood was prepared free from stroma 
protein by the use of ether and salt as described by Adair [1925] and 
kept in a M/15 phosphate buffer solution of pH 6*8. One portion was 
diluted fifty times with the phosphate buffer solution. A sample of 
whole blood after having been hsemolysed with a minimal quantity of 
distilled water was diluted fifty times with the phosphate buffer solution 
of pH 6*8. The concentrated haemoglobin solution was used for the van 
Slyke technique and equilibrated in Barcroft tonometers. The two 
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diluted samples treated in a similar manner described above were analysed 
with the spectroscopic comparator. Three dissociation curves thus ob¬ 
tained are shown in Fig. 3. The two methods seem to check satisfactorily 



Fig. a. Three dissociation curves obtained by three different methods. Sheep blood at 
pH 6-8 was used. 

A represent analyses made with a van Slyke manometric apparatus on a hsemoglobin 
solution prepared by the Adair method. 

o represent analyses made with the comparison spectroscope on whole blood haemolysed 
and diluted fifty times with phosphate buffer solution Jf/15 and pH 6*8. 

» represent analyses made with the comparison spectroscope on the heemoglobin solution 
prepared by the Adair method and diluted jfifty times with the phosphate buffer 
solution. 

with one another. There appears to be no difference in curves obtained 
with hsemolysed whole blood and with hsemoglobin prepared by the 
Adair method. 
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There are certain limitations to the spectroscopic method. Deter¬ 
minations of oxygen saturation between 0 and 20 p.c. or between 80 and 
100 p.c. cannot be made accurately. Also an error is introduced if 
appreciable methsemoglobin is formed since the absorption bands of 
methsemoglobin are quite similar to those of oxyhemoglobin. 

The advantages of the method are: a small quantity of blood is re¬ 
quired and it is apparently not necessary to prepare a purified hsemoglobin 
solution. The pH, temperature, and oxygen tension can be controlled 
accurately and easily. 

Summary. 

A spectroscopic method is described whereby dissociation curves can 
be made on small quantities of haemoglobin. 


I wish to thank Prof. Barcroft and Mr Adair for laboratory facilities and for many 
helpful suggestions. 
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A sensitiYe physical test for adrenaline. By J. H. Gadbum 
and H. Schild. 

Paget [1930] andBarker, Eastland andE vers [1932]have noticed 
that adrenaline, in the presence of alkali and various other reagents, 
becomes fluorescent. Adrenaline, oxygen, and alkali are, however, the only 
reagents which are essential for the effect. This reaction can be used as the 
basis of a test for adrenaline which is more sensitive than other known 
chemical tests, and in certain respects unexpectedly specific. 

In our experiments the solutions were contained in small quartz tubes, 
with a capacity of about 1 c.c., and illuminated horizontally by light, 
from a mercury vapour lamp, filtered through a glass which absorbed 
practically all visible rays. The intensity of the fluorescence in two similar 
tubes, containing different solutions, was compared by observing them 
directly from above. 

In faintly acid solutions adrenaline showed no fluorescence, but if 
OT c.c. of 5 iV” NaOH was added to 1 c.c. of adrenaline solution, a bright 
apple-green fluorescence appeared, which lasted for about a minute with 
low concentrations and for several minutes with higher concentrations. 
The fluorescence lasted longer when oxygen was partially excluded, but 
did not appear at all in the complete abscence of oxygen. A green 
colour definitely different from the pale blue of the distilled water 
or diluted NaHO was seen when the concentration of adrenaline was 
only With double the concentration of adrenaline the effect was 
obviously greater. 

Various substances chemically related to adrenaline were also tested. 
None of these gave a colour nearly so bright as that given by adrenaline 
in the same dilution, but in certain cases a fainter green fluorescence did 
develop on the addition of alkali. The intensity of this was estimated by 
comparing solutions of different strengths with adrenaline solutions, until 
the intensities of light in the two tubes were about equal. The compari¬ 
son was made in every case 20 sec. after the addition of alkali. In the 
following list of substances tested, the figures give the intensity of 

h 
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tile fluorescence, estimated in this way, as a percentage of that due to 
adrenaline: “Dopa,” 3p.c,; noradrenaline, 2p.c.; epiiiine, <2 p.c.; 
catechol, 0*1 p.c.; tyramine and ephedrine, nil. The duration of the 
fluorescence due to these different substances was inversely related to its 
intensity. 

When we attempted to apply this test to blood serum, we found that 
the fluorescence due to low concentrations of added adrenaline was 
obscured by blue fluorescence due to other substances. We have not been 
able to discover a method of completely removing these other substances. 
Deproteinization by means of trichloracetic acid or metaphosphoric acid 
was found to remove added adrenaline, when this was present in low 
concentrations. It is possible, however, that this test might be used to 
demonstrate the liberation of adrenaline from tissues into other simpler 
liquids such as Einger’s solution. 
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Nomenclature of fibres in tbe autonomic system and their 
effects. By H. H. Dale. 

Evidence has been rapidly accumulating in favour of the view that the 
effects of nervous impulses in the postganglionic fibres of the autonomic 
system are chemically transmitted, by substances liberated in relation to 
their endings, and directly acting on the effector cells. The conception was 
first put forward by Elliott, in 1904, with regard to sympathetic nerve 
endings and adrenaline. Eeally convincing experimental evidence in its 
favour, for both parasympathetic and sympathetic nerve impulses, was 
first obtained by 0. Loewi, in 1921, and in recent years it has rapidly 
multiplied. My own earlier observations [1914] on acetylcholine had 
indicated a substance of this kind as a likely candidate for the function of 
transmitting the effects of impulses in peripheral parasympathetic fibres; 
and the evidence in recent years has all tended to increase the probability 
that this choline ester is the actual parasympathetic transmitter. We 
have as yet, however, no direct chemical evidence as to the nature of the 
peripheral transmitter for the other main division of the autonomic system 
(C a nn o n ^ s sympathin”), though physiological evidence indicates a close 
relation, at least, to adrenaline. Moreover, the correspondence between 
anatomical origin and functional chemistry is not exact. There are several 
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examples— e^g, the production of sweat secretion, sjmipathetic vaso¬ 
dilatation and paradoxical contracture in the dog's lips—of effects pro¬ 
duced by fibres which are anatomically S5unpathetic, but apparently 
transmitted by something like acetylcholine, rather than by something like 
adrenaline. Afurther complication arises from the new fact, communicated 
to-day byFeldberg and Gaddum, that chemical transmission occurs at 
sjmapses in a sympathetic ganglion, and that the transmitter, even though 
the preganglionic fibres are anatomically sympathetic, is a substance 
indistinguishable from that which transmits the effects of postganglionic 
parasympathetic impulses. The same point arises in the account by 
Feldberg, Minz and Tsudzimura of chemical transmission from 
preganglionic sympathetic fibres to cells of the suprarenal medulla. 
Both these observations bring into the physiological picture the other 
aspect of the action of acetylcholine, which I called ''nicotine-like.'’ 

To avoid elaborate periphrasis, and to promote clear ideas, we seem 
to need words which will briefly indicate action by two kinds of chemical 
transmission, due in the one case to some substance like adrenaline, in the 
other case to a substance like acetylcholine, so that we may distinguish 
between chemical function and anatomical origin. I suggest the words 
"adrenergic" and "cholinergic," respectively, for use in this sense. We 
can then say that postganglionic parasympathetic fibres are pre¬ 
dominantly, and perhaps entirely, "cholinergic," and that postganglionic 
sympathetic fibres are predominantly, though not entirely, "adrenergic," 
while some, and probably all, of the preganglionic fibres of the whole 
autonomic system are "cholinergic." I think such- a usage would assist 
clear thinking, without committing us to precise chemical identifications, 
which may be long in coming. 


Acclimatization (?) of animals to 0“3 p.c. carbon monoxide 
in the inspired air. By J. Argyll Campbell. 

These observations form the continuation of a research to determine 
the ill-effects, if any, of breathing CO as present in garages, etc., for 
prolonged periods. 

Some young mice and rabbits exposed to CO in the air in gradually 
increasing concentrations can maintain body growth when inhaling as 
much as 0*3 p.c. Indeed in mice there is evidence of increased growth 
compared with the controls, the body weight being increased and the 
heart revealing hypertrophy. The latter was noted also in some previous 
experiments. The improved body growth cannot be regarded as a proof 

2>2 
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of acclimatization, because the mice exposed to the poisonous gas were 
not fertile, whereas the controls, similarly treated as regards food, 
surroundings, etc., were fertile. 

Fenn and Cobb [1932] observed that in vitro frog’s skeletal muscle 
consumed CO—1 c.mm. per g. per min. at 22° C.—when the gas was 
present in 80 p.c. concentration. In the present research there was no 
evidence that the whole animal consumes such a material quantity of 
CO when breathing 0-3 p.c. for long periods. If, however, we assume that 
the consumption of the poison by muscle is proportional to the concen¬ 
tration—which perhaps seems doubtful for living tissue—then from 
Fenn’s figures we would expect a rabbit of 2 kg. (muscle 40p.c.) to consume 
only about 14 c.c. in 24 hours when exposed to 0*3 p.c. There was no 
evidence of this quantity being used, but it is too small a quantity to be 
estimated very accurately (Haldane combustion chamber, large appa¬ 
ratus) under the conditions of the experiment, the respiratory chamber 
for the animal being about 150 litres gas capacity. In these experiments 
it was necessary to starve the animal for 2 days to exclude formation 
of other combustible gases, e.g. hydrogen, etc., from the food in the 
intestines. 

The tension of CO in rabbit’s tissues was also estimated by establishing 
gas depots in the abdominal cavity and under the skin. When the animal 
had breathed 0-3 p.c, CO for prolonged periods, the tension of CO in the 
tissues was about 0-15 p.c., the analysis of the gas being conducted in the 
large Haldane analyser. These results give some support to previous 
work [Campbell, 1929] when the Hartridge spectroscope was used for 
estimation of CO; in the latter case the tension found was somewhat 
lower. 
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The chemical transmitter at synapses in a sympathetic 
ganglion. By W. Feldberg and J. H. Gabdum. 

Kibjakow [1933] perfused the superior cervical ganglion of a cat 
with Locke-Ringer solution, and found that stimulation of the cervical 
S 5 nm.pathetic nerve caused the appearance in the outflowing fluid of a 
substance which, when injected into the fluid flowing to another ganglion, 
caused a contraction of the nictitating membrane. Chang and G a d d u m 
[1933] found that extracts of the sympathetic chain of a horse contained 
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comparatively large amoiints of a substance identified pliarmacologically 
as acetylcboline, and suggested that the active principle detected by 
Kibjakow might also be acetylcholine. This view was strengthened by 
the discovery that stimulation of (preganglionic) sympathetic fibres to the 
suprarenal medulla caused the liberation of a choline ester [Feldberg, 
Minz and Tsudzimura, 1933]. 

In order to test this theory we have perfused the superior cermcal 
ganglia of cats with salt solutions, and applied various pharmacological 
tests to the outflowing fluid. In the absence of eserine (physostiginine) 
no activity was detected, but when eserine was added to the perfusion 
fluid, in order to inhibit the destruction of acetylcholine, it was found 
that fluid collected during stimulation of the preganglionic nerve had the 
following properties: 

(1) Like acetylcholine, it had no action on a piece of leech muscle 
untreated with eserine, but it produced a contraction when the prepara¬ 
tion had previously been sensitized to acetylcholine by prolonged im¬ 
mersion in eserine. (‘^Nicotine action.”) 

. (2) It caused inhibition of a frog’s heart isolated by Straub’s method. 

This elfect was abolished by atropine. (''Muscarine action.”) 

(3) It caused a fall of blood-pressure in a cat. This effect was also 
abolished by atropine. ("Muscarine action.”) 

The solutions were compared with acetylcholine and a quantitative 
estimate of the concentration was obtained. It was found that when the 
same solution was tested simultaneously on the frog’s heart, and on the 
leech or the cat’s blood-pressure, these estimates agreed quantitatively 
with one another. We regard these results as strong confirmation of the 
view that these solutions contained acetylcholine, in a concentration of 
between 20 and 70 y per litre. Fluid collected in the absence of stimulation 
and tested in the same concentrations had none of these actions. 

Since choline esters are active stimulants of sympathetic ganglia, it 
seems probable that the liberation of such a substance forms the normal 
mechanism by which the effects of preganglionic impulses pass synapses 
in the ganglion. Our results support the theory that this substance is 
acetylcholine. 
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A convenient form of fluid electrode. By L. W. Collison, 
(Introduced by H. H. Dale.) 

The fluid electrode figured is a modification of that described by 
Brown and Garry [1932], and has the following features which have 
been found to give additional convenience in construction and use. 



L The instrument is wedge-shaped in section, and this enables the 
vulcanite plugs, used in filling the chamber with blood and sealing it, to 
carry the silver electrodes, for which additional openings are not required. 
It also enables the instrument to be placed in position in a deep fossa, and 
to take a relatively small length of dissected nerve. 

2, The brass holding-rod (H) enables the electrode to be clamped in 
position. 

3. The vulcanite screw functioning as a grease-gun” greatly facili¬ 
tates the sealing with vaseline of the hole through which the nerve is drawn 
into the chamber. The sealing and filling of the electrode are thus nor¬ 
mally and easily effected after the apparatus has been fixed in position. 
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The medianism of the nenroias discharge of adrenaline* 

By W. Feldberg, B. Mmz and H. Tsubzimuba. (Introduced by 

H. H. Dale.) 

Evidence for the peripheral chemical transmission of the effects of 
autonomic nerves, both sympathetic and parasympathetic, has ac¬ 
cumulated in recent years. The question presented itself whether the 
impulses in (preganglionic) splanchnic fibres, which cause output of 
adrenaline from the cells of the suprarenal meduUa, produce this effect 
also by a chemical transmission, and, if so, whether the transmitter is of 
the sympathetic (adrenaline) type, or of the parasympathetic (acetyl¬ 
choline) type. We have been able to find evidence that a chemical trans¬ 
mission occurs in this case, and that the transmitting agent, directly 
affecting the medullary cells, has all the properties of acetylcholine, so far 
as these can be tested. 

I. The body wall of the leech treated with dilute eserine is an ex¬ 
tremely sensitive and specific reagent for acetylcholine,, contracting in 
response to dilutions as Mgh as ly per litre [Fiihner, Minz]. It is, on 
the other hand, quite insensitive to adrenaline, and practically so to the 
constituents of normal mammalian blood. If eserine is injected into a 
dog or cat and the splanchnic nerve is stimulated, the blood leaving the 
suprarenal vein acquires during the stimulation, but only then, a stimu¬ 
lant action on the leech preparation, corresponding to that of acetyl¬ 
choline in dilutions of 10~100y per litre. The active substance disappears 
rather quickly from the shed blood, but persists if additional eserine is 
mixed with it. It has, therefore, the properties of an unstable choline 
ester. 

2. In an eviscerated cat under eserine, the adrenaline rise of blood- 
pressure caused by stimulation of the splanchnic nerve is preceded by a 
fall, which a small dose of atropine prevents. If an excess of adrenaline 
has already been put into circulation, by injecting 2-3 mg. before the 
splanchnic is stimulated, the atropine-sensitive fall is the only effect of the 
stimulation. 

3. Acetylcholine-like effects, produced by splanchnic stimulation in 
an eviscerated cat under eserine, can be demonstrated on a distant organ. 
If the effect of adrenaline on the snbmaxillary gland is further excluded 
by injecting 2-3 mg. of ergotoxine, stimulation of the splanchnic nerve 
causes secretion of saliva, which atropine again abolishes. 

4. In an eviscerated cat under atropine, eserine increases the output 
of adrenaline in response to splanchnic stimulation, as measured by the 
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rise of blood-pressure. TMs indicates that the output of adrenaline is due 
to the liberation of a substance which eserine protects— i.e. a choline ester. 

5. Acetylcholine itself is a very potent stimulant of adrenaline output 
from the suprarenal naedulla, when it is injected into the arterial stream 
on its way to the gland. The action is due mainly to the ^Aiicotine ’’ aspect 
of its action, being almost abolished by large doses of nicotine, which, 
similarly, almost abolish the adrenaline output in response to splanchnic 
stimulation. In both cases nicotine often leaves a small residue of effect, 
always when eserine has also been given, and this residue, due to the 
''muscarine’’ action of acetylcholine, is abolished by atropine. 

The chemical transmitter of splanchnic action on the suprarenal 
medulla has in all respects the properties of an unstable choline ester with 
both "nicotine” and "muscarine” actions, of which the former is in this 
case predominant. 


The chemical transmitter of effects of the gastric vagus. 

By H. H. Dale and W. Feldberg. 

The fact that the motor effects of the vagi and the pelvic nerves on 
the muscular walls of the alimentary canal are so resistant to the action 
of atropine has been an obstacle to the general acceptance of acetyl¬ 
choline, or any choline ester, as the probable chemical transmitter of 
these parasympathetic effects. It seemed important, therefore, to attempt 
to obtain the chemical transmitter of such an effect, so as to examine its 
properties separately. This has been done in the case of vagus action on 
the stomach. 

In dogs under chloralose the venous flow into the portal vein was 
restricted to blood from the stomach, by ligature and excision of other 
organs. Arrangements were made to collect samples of the portal (gastric) 
blood. The vagi were exposed in the lower thorax and dissected from the 
oesophagus for stimulation. A large dose of eserine (pliysostigmine) 
(1-2 mg. per kg.) and a smaller one (0*5 mg.) of atropine were given 
intravenously, and the blood was rendered incoagulable with heparin or 
a substitute. Samples of portal blood were collected before stimulation of 
the vagus, and during stimulation adequate to produce powerful con¬ 
traction of the stomach wall. Eserine was added to the samples as 
collected to the extent of 1 in 50,000. They were tested on: 

(1) the leech body wall, sensitized to acetylcholine with eserine 
(nicotine action); 

(2) the blood-pressure of a cat under chloralose (muscarine action). 
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In all cases tlie effects produced by one blood sample in these two 
directions could be matched against the same concentration of acetyl¬ 
choline. When a large eserine injection had been given, the control blood 
showed activity which matched with about 20y of acetylcholine (a.c.) 
per litre. Vagus stimulation then raised the activity about 2-| times, to 
match with 50y a.c. per litre. With a smaller dose of eserine the activity 
of the control blood was below the limit of measurement (not more than 
5y A.c, per litre), while that of the blood taken during stimulation matched 
with about 20y a.c. per litre. 

The effects on the cat’s blood-pressure were always abolished by 
0‘1 mg. of atropine, and the leech untreated with eserine gave no specific 
reaction, with dilutions producing maximal contractions in the sensitized 
preparation. From blood samples collected without added eserine the 
activity rapidly disappeared. 

Apparently the relatively atropine-resistant effect of the vagus on the 
stomach is transmitted by a substance having all the properties of an 
unstable, atropine-sensitive choline ester, indistinguishable from those of 
acetylcholine, so far as they can be tested in the venous blood collected 
during vagus stimulation. 


Human electro-cardiograms recorded with the cathode ray 
oscillograph. By Piebbe Rijlant. (Introduced by C. Lovatt 
Evans.) {Institut Solvay. Physiology—University of Brussels.) 

In previous communications [1931] we have published human electro¬ 
cardiograms taken with a cathode ray oscillograph. These records have 
a general shape different from that of string galvanometer records. Fast 
and slow waves, not noticed in galvanometer records, exist in the oscillo¬ 
graph records. Similar waves have been noticed in oscillograph records 
by Reid [1932] and by Groedei [1933]. Matthews [1933] has recorded 
human electro-cardiograms with a cathode ray oscillograph. His records 
are not, at first sight, different from string galvanometer records and show 
neither fast nor slow extra-waves. Matthews suggests that the waves 
of the oscillograph records might be due to the amplifier rather than to 
any activity of the heart. As Matthews overlooked the publication of 
the exact details of the amplifiers we used [1932], he suggested that the 
distortion might occur in a capacity resistance distorting circuit of short 
time constant. The exact details of the amplifiers [1932] and the calibra¬ 
tion curves [1933] show that there cannot be any noticeable distortion of 
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the cardiac waves in our records. To introduce distortion the time con¬ 
stant of our amplifier has to be reduced to one-hundredth of its actual 
value. 

Though for these reasons, complete certitude exists as to the real 
shape of the human electro-cardiogram as recorded with a cathode 
oscillograph, we have tested out our previous findings, by the use of a 
battery coupled amplifier, as distortionless as at present possible [1933], 
giving the same range of amplification as the amplifiers previously used 
(four valves). 

Cathode ray oscillograms of the human heart taken by this method 
have exactly the same general shape as the curves recorded with a 
resistance capacity coupled amplifier of long time constant. The records 
clearly show the presence of fast waves originating in the sinus and 
auricles (P 1-P 5), in the His-bundle (h 3) and of the slow waves (A, S 2, 
T 2) which Matthews did not see in his records. Inadequate ampli¬ 
fication (three valves) seems to be the reason why M a 11 h e w s’s records do 
not clearly show the fast and slow waves of our records. Eecord C of 
Matthews shows clearly, when enlarged, a positive S2 wave, corre¬ 
sponding to a 100 microvolt potential change (the average value of the 
S 2 wave in our records). 

The site of origin of the waves of the cathode ray oscillogram of the 
human heart has been traced by using thoracic leads and by comparing 
the records obtained under these circumstances with the records obtained 
with the classical leads D I, D II, and D III. Comparison of records of 
the human electrogram with those of the dog’s heart do not show any 
striking difference as the dog’s records show exactly the same slow and 
fast waves as the human record. In the dog the heart potentials have been 
led off by thoracic leads and by electrodes directly put on the exposed 
heart. Both records show the same waves. 

The fast and slow waves of the human electro-cardiogram recorded 
with the cathode ray oscillograph are due to the activity of the heart and 
not to a modification of the heart’s action-potential by conduction 
through the surrounding tissues. 
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Glycolytic formation of blood lactate. By C. Lovatt Evans, 
Fong-Yen Hsu^ and Takao Kosaka^. (University College, London.) 

It has been shown [Evans et al., 1933] that the heart uses muchmore 
of lactate than of sugar from the blood (confirming McG-inty); further, 
that the balance of continual formation of lactic acid by glycolysis in the 
blood, and its continual removal by the heart (or other tissue) might 
account for the phenomenon described in the heart-lung preparation by 
Anrep and Cannan [1923], and in the limb-lung by Eggleton and 
Evans [1930]. The margin of lactate formation was, however, apparently 
small, and this is particularly so if the argument be extended to the 
intact body in explanation of the normal resting blood lactate [Cook and 
Hurst, 1933]. 

We have now studied the rate of lactate formation in defibrinated 
blood perfused through ventilated lungs, and find that glycolysis is two 
or three times as rapid when blood is so circulated as when oxygenated 
by circulation in vitro. Removal of one lung does not seem to lower the 
rate of glycolysis if the blood fiiow through the remaining lung is the same 
as that previously through both. When the blood which has been passed 
through the lungs and that which has circulated through the oxygenator 
are interchanged after a period, the same difference is seen, i.e. that now 
passing through the lungs is the more rapidly glycolysed. In the lung 
about 80 p.c. of the glucose lost is converted into lactic acid; in the oxy¬ 
genator the conversion is rather irregular, which may be associated with 
haemolysis. 

The following is an abstract of an experiment: 
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Ill one experiment the lactate in the lung circuit rose at a rate of 
about 25 mg./lOO c.c./hr. until all the blood sugar had disappeared and 
then fell 5 mg,/100 c.c. in the next hour, thus indicating the origin of the 
lactic acid. 

We suggest that the accelerated glycolysis in the lungs gives enough 
lactic acid to account fully for the phenomena mentioned, and probably 
for the formation of the resting blood lactate in the intact body. Further 
investigation is in progress. 
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Duality of the mecbanisms of tonus and contraction in striated 
muscle. By Pierre Rijlant. (Introduced by C. Lovatt Evans.) 
{Institut Solvay. Physiology—University of Brussels.) 

Two types of action currents can be led off by needle electrodes from 
a normally innervated striated muscle: fast waves of high potential, 
corresponding to contraction; much slower and smaller waves corre-' 
spending to tonic activity. The average amplitude of the “tonic’’ waves 
is one-third of the amplitude of the “ contraction ” waves in single motor 
units. The dmation of the tonic waves is twice that of the contraction 
waves. The average frequencies of the contraction waves (30 per sec.) are 
higher than those of the tonic waves (10 per sec.), but the inferior limit of 
both is about the same (5 waves per sec. in mammals). 

During the hypnotic sleep in mammals, the contraction waves 
disappear completely, except for the contraction waves of respiratory 
muscles, while the tonic waves remain unchanged. Deep hypnotic sleep 
abolishes the tonic reactions as well as contraction. When given in small 
amounts, curare completely abolishes the tonic waves while the con¬ 
traction waves are maintained temporarily. 

Two types of action currents can be led off from the central end of 
a motor nerve. They show the same characteristics as the two types of 
waves led off from the striated muscle which are related to tonus and 
contraction. 

From human striated muscles (triceps, quadriceps) the same action 
currents can be led off. The fast contraction waves are frequently 
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built up by four to ten very fast waves slightly asynchronous. Some 
outbursts of tonic waves are related to the respiratory cycle. Other 
rhythmic outbursts of tonic waves, not related to the respiratory cycle, of 
an average duration of one second, are probably related to the Traube 
Hering oscillations of blood-pressure. 

In the male amphibian, during the mating season, the tonic activities 
of the striated muscles of the forearm are accompanied by electrical 
waves of very long duration (100-200 <t). These waves originate in the 
same fibres which normally are responsible for the tonic waves (10-20a). 
The action currents of the motor nerves of the forearm are not different 
during the mating season from what they are under normal circumstances. 

The change in duration of the tonic waves is only due to the change 
in the reaction of the striated muscle. The long duration of the tonic 
waves during the mating season suggests a humoral transmission at the 
neuro-muscular junction. 
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The sensitization of leech muscle to barium by eserine. 

By A. Vartiainen. (Introduced by H. H. Dale.) 

Fuhner [1918] found that eserine caused a very remarkable sensitiza¬ 
tion of the dorsal muscle of a leech to acetylcholine, so that after eserine 
it reacted to a millionth of the concentration which had been necessary 
to cause a contraction before eserine. He suggested the theory that this 
sensitization was due to the inhibition of choline esterase, and recent work 
has confirmed this view. 

F.iihner also found that eserine sensitized the leech to barium. This 
observation is of importance, since it seems to weaken arguments based 
on the assumption that any effect which is increased by eserine must 
necessarily be due to a choline ester. 

Fiihner’s experiments with barium and eserine have therefore been 
repeated. The fact that eserine has some sensitizing action on the response 
of barium was confirmed, but this sensitization was not so striking as 
might be supposed from Ftihner’s papers, and was not comparable with 
that to acetylcholine. When repeated doses of barium were applied at 
constant time intervals to an isolated piece of leech muscle, left in 
contact with the muscle for 3 min, and then washed out, successive doses 
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produced increasing contractions, so that a certain amount of apparent 
sensitization occurred even in the absence of eseriiie. After some time, 
however, this increase in sensitivity ceased, and successive small doses 
produced a constant effect. If eserine was now added to the bath it 
caused some increase in the response to barium, but only to such an 
extent that the response was now equal to that produced by not more 
than twice the concentration of barium, before eserine. 
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Action potentials from the superior cervical ganglion. 

By J. C. Eccles. 

Electrodes have been applied to the cat's cervical sympathetic trunk 
4 or 5 cm. below the superior cervical ganglion and single induction shocks 
have been used as stimuli. By means of non-polarizable leads, action 
potentials so set up in the superior cervical ganglion have been led to an 
amplifier connected to a Matthews’ oscillograph, the earthed lead being 
on the ganglion and the grid lead on the crushed end of the post-ganglionic 
trunk. The blood supply of the ganglion and of the cervicaJ ympathetic 
has not been interfered with, but the vagus and the ganglion nodosum 
have been removed. 

A complex negative wave appears in the ganglion 6-7 a after stimula¬ 
tion of the cervical sympathetic, attaining at 12-17cr after the stimulus 
a maximum which may be as high as 0*6 mv. There are three components 
in this wave, the summit being formed by the second component, while 
the third appears as a small hump late on the descending phase. Fioally 
a fourth negative wave becomes first recognizable 30-400* after the 
stimulus, reaches a low maximum at 45-60 o* and is still usually present 
at 70 O'. As the strength of the stimulus is gradually weakened, the fourth 
wave may be the first to disappear, and then the third, second and first 
waves may disappear in turn. However, the thresholds characteristic of 
each of these waves are not very sharply differentiated, e,g. the fourth wave 
has been present with strengths of stimuli which were submaximal for the 
first and second waves. 

A study of the pre-ganglionic action potentials shows two waves, one 
conducting at 20-25 m. per sec., the other at about 15 m. per sec. The 
first pre-ganglionic impulses therefore arrive at the ganglion 2-2*5 a after 
the stimulus, so there is a latent period in the ganglion of at least 3 <t before 
the ganglionic action potential appears. 

When a second pre-ganglionic stimulus is applied at an interval as 
short as 3-7 a after a previous stimulus, it gives rise to an action potential 

c 
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in tlie ganglion. Tlie latent period of tlie onset of this potential may be 
la shorter than normal, and the first potential wave rises much more 
steeply than normal. It is of course superposed on the potential wave set 
up by the first stimulus. Since the pre-ganglionic conduction time for the 
volley set up by the second stimulus is increased by about 1-5a, this pre¬ 
ganglionic volley must arrive at the ganglion only la before it sets up a 
ganglionic action potential, i,e. the latency in the ganglion has been 
considerably shortened. The second ganglionic wave is also set up by a 
stimulus applied 3*7 a after the first, but its latent period appears increased 
by an amount equal to the lengthening of the pre-ganglionic conduction 
time. The third wave is absent at 3*7 a interval, but present when the 
interval was 5-7 a, and the fourth wave only appears after stimuli at 
12-1 5 a intervals, its maximum being attained at intervals greater than 
32 a. The first three waves appear normal in size after stimuli applied at 
intervals of 12 a or longer. The threshold and refractory period for the 
setting up of pre-ganglionic nerve impulses are identical with the values 
obtained for the ganglionic action potentials. 

The various component waves in the ganglionic action potential 
could be ascribed to pre-ganglionic fibres with conduction times corre¬ 
sponding with the delay in the appearance of the respective waves 
[cf. Bishop and Heinbecker, 1932], e.g. the fourth wave could be due 
to the C fibres which conduct at 1-2 m. per sec.; but the waves appear, 
though with a diminished latency, even when the pre-ganghonic trunk is 
stimulated just proximal to the ganglion, so it seems that the greater 
part of the delay in the appearance of the second, third and fourth waves 
must be due to a delay in the ganglion corresponding with that found for 
the first wave. 

When the blood supply to the ganglion is cut off, the latent period of 
the ganglionic action potential is increased to as much as 15 a, the summit 
being reached as late as 27a, while a second stimulus even as late as 12f 
after the first fails to set up any ganghonic action potential, though i.. 
gives rise to a full-sized pre-ganglionic wave. Bishop and Heinbecker 
[1932] state that there is an absolutely refractory period of 20 a and a 
synaptic delay of 10 a for conduction through the superior cervical 
ganglion, whereas Brown [1933] finds that both refractory period and 
synaptic delay are less than 3 a. This discrepancy is no doubt due to the 
fact that Bishop and Heinbecker worked on excised ganglia. 
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The effects of eserine and atropine on the vagal slowing of 
the heart. By J. C. Eccles. 

In a previous commimication [Brown, Eccles and Hoff, 1932] the 
inhibitory effect of single vagal volleys on the heart rhythm was described, 
and the time course of this inhibition was depicted by plotting curves with 
lengthenings of cycles as ordinates and the corresponding intervals after 
the vagal stimuli as abscissa. An initial maximum inhibition is always 
attained about 0*5 sec. after the vagal stimulus, and is followed by a 
rapid decline, the inhibitory effect falling to half its maximum in 0*4- 
0*8 sec. This rapid inhibitory wave is followed by a slower inhibitory 
wave first perceptible 0*6-1-5 sec. after the vagal stimulus, the maximum 
being reached 2-2*5 sec. after the stimulus. When the first inhibitory 
wave is high and long-lasting it obscures the onset and even the summit of 
this second inhibitory wave, w^hich may appear merely as a hump or 
flattening on the descending part of the first wave. At the summit of the 
first wave there may be even more than a doubling of the duration of the 
cardiac cycle, but the maximum of the second wave is never more than a 
10 p.c. lengthening. 

As the stimulation of the vagus is progressively made more and more 
submaximal the height of the first wave declines much more rapidly than 
the second, and with small vagal effects the second wave may be higher 
than the first. The inhibitory curve of the left vagus is always identical 
with a submaximal inhibitory curve of the right vagus. When a second 
vagal volley is set up (either in the same or other vagus) at any interval 
after the first, its first wave always adds directly on to the inhibitory 
curve produced by the first volley, but its second wave is always largely 
occluded by the second wave set up by the first volley. Tetanic excitation 
of the nervi accelerantes always diminishes the second wave and may 
cause it to disappear. 

The following possible explanations of the double inhibitory waves 
have been excluded: 

(1) The trough between the two inhibitory waves being due to a 
transient displacement of the pacemaker to another part of the sino- 
auricular node. 

(2) The trough between the inhibitory waves being due to a transient 
accelerator action from accelerator fibres in the vagus. 

(3) The second wave being due to after-discharge from the post¬ 
ganglionic neurones of the vagus. 

It seems therefore that the double inhibitory wave is an expression of 
a double inhibitory effect produced by a single volley of impulses arriving 
at the termiuals of the post-ganglionic fibres of the vagus. 
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Eserine and atropine have been used to obtain further evidence on the 
nature of these two inhibitory waves. Eserine given intravenously in 
doses of 25 y to 2-3 kg. cats increases the height of the first wave and 
approximately halves the rate of its decline. The height of the second 
wave is similarly affected but to a relatively smaller extent. The maxi¬ 
mum effect is attained in 3 min. after the injection and it has completely 
passed off in 2-3 hours. Doses of eserine several times larger so prolong 
the first wave that it completely overlaps the second. Atropine in very 
small doses, e,g. 5y, lowers the inhibitory curve so that it becomes iden¬ 
tical with the curve produced by submaximal stimulation, i.e. the height 
of the first wave is reduced relatively much more than the height of the 
second wave. This indicates that the inhibitory processes responsible for 
the two waves are similarly affected by atropine. 

Thus the effects of eserine and atropine indicate that both inhibitory 
waves are due to the same inhibitory substance, presumably acetyl¬ 
choline, and the effect of eserine indicates that all phases of the decline 
of the inhibitory curve are due to the enzymatic hydrolysis of acetyl¬ 
choline. The concentration of eserine which halves the rate of this 
hydrolysis corresponds approximately with that found by Matthes 
[1930] in in vitro experiments on the hydrolysis of acetyl-choline. 
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Blood gas figures in a case of Fallot^s tetralogy. By M. Kremer. 

{Department of Physiology^ Middlesex Hospital.) 

J. R., a Welsh miner aged 35, had been noticing increasing blueness 
during the last two years with marked shortness of breath. There were 
occasional attacks of giddiness with faintness but no loss of consciousness. 

Examination showed slight enlargement of the heart to the left, and 
this was confirmed by X-ray which showed a ''sabot shaped’’ heart. 
There was a systolic thrill and murmur in the third left interspace aboui 
^ in. from the sternal edge. Very marked cyanosis and clubbing of fingers 
and toes. A diagnosis of Fallot’s tetralogy was made. 

By means of arterial puncture an attempt was made to calculate thf 
arterio venous shunt. Blood was taken from the femoral artery and it* 
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oxygen content and capacity estimated by means of tbe Haldane Hood 
gas analysis apparatus. 

Duplicate estimations gave the following results: oxygen content == 
17*75 c.c. p.c.; oxygen capacity=34*75 c.c. p.c.; saturation, p.c. = 5L 

Further estimations were done after the patient had inhaled pure 
oxygen for f hour through a nasal catheter. Oxygen content rose to 
22*1 c.c. p.c. and percentage saturation to 64 p.c. 

The oxygen capacity was also determined by colorimetric and gravi¬ 
metric estimations of haemoglobin. The Hb by the Haldane standard 
was 140 p.c. ( = 20 g. Hb = 27 c.c. Og p.c.). Gravimetric estimation was 
26 g. per 100 c.c. = 34*5 c.c. Og p.c. It will be seen that the gasometric esti¬ 
mation agrees closely with the gravimetric but not with the colorimetric, 
which is probably less reliable at high concentrations of haemoglobin. 

From the above gasometric data the degree of arterio venous shunt 
may be calculated. Assuming that all the unsaturation is due to shunt, 
then using the formula of Segall [1928] let Z = venous shunt as from 
right to left side of circulation in p.c. of total blood flow and 100—If = p.c. 
amount of blood entering arterial system from pulmonary veins, then 


Oxygen in arterial blood = 


-f 


(oxygen in pulmonary veins) (100 - X) 
100 


Following Lundsgaard it may be assumed that the oxygen in 
pulmonary veins is 95 p.c. of oxygen capacity and that oxygen in mixed 
venous blood is 5 volumes p.c. less than arterial oxygen content. Sub¬ 
stituting these figures we obtain 


17.76 = (-'^ 4 -£ 




which gives a venous shunt of 75 p.c. 

An alteration of ± 1 c.c. in venous oxygen content makes a difference 
of + 5 p.c, in venous shunt. 

From the oxygen inhalation experiment it appears, however, that the 
unsaturation of the arterial blood is partly due to incomplete aeration of 
the venous blood in the lungs. Using the data of the inhalation experi¬ 
ment the shunt is calculated to be 69 p.c. 

This probably represents a true index of the state of affairs existing. 


REFERENCE. 

Segall (1928). Blmmfs Bedside Diagnosis, 11, 447, 



28P 


PROCEEDINGS OF THE PHYSIOLOGICAL 


A quantitative graphic respiration recorder for small animals^ 
By Samson Wright. {Depart?mnt of Physiology, Middlesex Hospital) 

The apparatus consists essentially of a Krogli’s spirometer with an 
outlet which is connected at F^ with respiratory valves. The inspira¬ 
tory and expiratory valves, G and D, are both of the hat type {C is made 
of mica and D of ebonite), and float on a pool of mercury. The inspiratory 
valve is prevented from being lifted excessively by a little shelf. During 
inspiration air is withdrawn from the spirometer and the writing point 
sinks. During expiration, when the valve D is raised, a contact is made 



at E, This closes a circuit which is connected with the electromagnet B, 
and as a result the tambour valve A is opened. This enables air from the 
inlet chamber to refill the spirometer to its original position, over-swing 
being prevented by the stop. When expiration ends, contact at E is 
broken and the valve A (assisted by the action of the spring S) returns 
to the position shown in the diagram and shuts the spirometer off from the 
inlet. The apparatus can be readily calibrated so that it is accurately 
quantitative. If the effects of various gas mixtures are to be studied the 
inlet can be connected by means of corrugated rubber tubing with a 
Douglas bag. The spirometer should first be washed through several 
times with the experimental mixture. The resistance of the valves is 
exceedingly small (less than 2 cm, water) and the dead space is about 
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10 G.c. The expired air can be collected from the outlet. The record is 
unaffected by the movements of the animal other than respiratory. The 
spirometer has some inertia and the first five or six breaths recorded by 
it are less deep than the succeeding ones. When breathing is exceedingly 
shallow, as just prior to respiratory arrest, expiration may be too short to 
make the contact E or too brief to open the valve A for a sufficient time 
to refill the spirometer. This difficulty occurs rarely. I have had the 
apparatus in use for several months and found it otherwise quite reliable. 
It is made by C. F. Palmer, Ltd., and I am indebted to Mr E. Ellis for 
much technical assistance. 


Muscle phosphorus compounds in adrenal insufficiency- By 

Einae Lundsgaaed and A. T. Wilson. {Departments of Physiology, 

University of Copenhagen, and Middlesex Hospital) 

Muscular weakness, a leading symptom of experimental adrenalectomy 
and of Addison’s disease, has been related to a reported quantitative 
alteration in the phosphagen content of muscle, [Lang, 1931; Ochoa, 
1932.] 

In this research muscle specimens were obtained from cats between 
5 and 8 days after bilateral adrenalectomy, when various gross symptoms 
were present. The animals were shot by a '"humane kiUer” (or ansesthe- 
tized with "hTembutar’); a portion of muscle, cut out as rapidly as pos¬ 
sible from rectus femoris, was dropped into liquid air. 

For determination of the various phosphorus compounds, the methods 
of Lohmann and Jendrassik [1926], and Lohmann [1928] were used. 

P 2 O 5 in the form of inorganic phosphate, phosphagen, adenyl-pyro- 
phosphate and hexose-phosphate was determined in five doubly adrenal- 
ectomized animals and also in five controls, unilaterally adrenalectoxnized, 
subjected to a second "dummy” operation, and given the same amount 
of food as was consumed by the completely adrenalectomized animals. 
The clinical and muscular condition of the controls was normal. 

Adrenalectomized Controls 

(Average values in mg, muscle.) 


Inorganic phosphate 

1159 

65 

Phosphagen 

103/ 

90, 

Pyrophosphate 

39 

39 

Hexose-phosphate 

46 

60 


With one exception, the phosphagen range lay /between 107 and 121 mg. per g, in the 
adrenalectomized animals. 
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The slight differences in the amount of these substances in the two 
groups may be due to differences in muscular activity at the time of 
death. 

It seems improbable that the gross muscular weakness of the adrenal- 
ectomized animal can be related directly to the small alterations in 
muscle phosphorus compounds noted. 


Typical protocol. 

Cat 91. Male. 3-4 kg. Adrenalectomy in two stages. First symptoms on 3rd day after 
2nd operation. Symptoms well marked on 7th day after which the animal was shot. 

Blood urea: 215 mg. per 100 c.c. Blood non-protein nitrogen—118 mg. per 100 c.c. 
Blood sugar: 42 mg. per 100 c.c. Fixed COo of blood—34 c.c. CO 2 p.c. 

Control Cat 82, unilaterally adrenalectomized and with second “dummy” operation. 
Clinical condition normal when shot on 7th day. 

Blood urea: 31 mg. per 100 c.c. 

JT.P. 2 T.: 30 mg. per 100 c.c. 

Blood sugar: 150 mg. per 100 c.c. (emotional hyperglycsemia). 

Fixed CO 2 : 35 c.c. CO 2 p.c. 


Figures given below are in mg. P 2 O 5 per g. of muscle. 


Adrenalectomized (No. 91) 


Control (No. 82) 

Inorganic phosphate 

62 

59 

Phosphagen 

no 

91 

Adenyl-pyrophosphate 

40 

35 

Hexose-phosphate 

50 

65 

Total P 

262 

250 
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